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20.  Continued. 


The  Optical  Angular  Motion  Sensor  (OAMS)  Program,  Phase  II, 
consisted  of  the  fabrication  and  testing  of  a prototype  model 
to  demonstrate  compliance  with  OAMS  performance  requirements.  The 
qualification  model  consisted  of  a transmitter,  a receiver,  and  an 
electronics  assembly.  The  alignment  information  was  transmitted 
between  the  transmitter  and  receiver  on  three  discrete  polarised 
beams.  . 

/ A prototype  flight  model  was  designed  and  the  components  for 
two  (2)  units  plus  spares  have  been  acquired. 


^ The  primary  objective  of  this  program  was  to  re-package  the 
brassboard  design  of  Phase  1 to  reduce  power,  weight  and  size,  and 
to  improve  reliability  and  maintainability.  The  performance  of 
each  of  the  three  channels  wa.9  improved  by  the  use  of  higher  power 
LEDs,  oiore  efficient  collecting  optics,  and  higher  responslvlty 
detectors. 


Preferred  and  military  standard  parts  were  incorporated  to 
maintain  performance  and  ensure  qualification  of  flight  hardware. 

Performance  and  calibration  teats  were  performed  to  show 
compliance  with  the  sensor  requirements,  and  to  generate  system 
equations,  l.e.  curve  fitting.  Therswl  testing  was  performed  on 
the  brassboard  unit  to  denrenstrate  performance  over  a 40-100  de- 
grees Fahrenheit  temperature  range.  All  Phase  II  work  was 
performed  at  a separation  distance  of  the  transmitter  and  receiver 
heads  of  SO  feet. 
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SUMMARY 


The  Optical  Angular  Motion  Sensor  (OAMS)  Program,  Phase  II,  consisted 
of  the  redesign  and  conversion  of  the  Phase  I OAMS  Brassboard  into  a 
qualified  Advanced  Brassboard  having  a significant  improvement  in  perform- 
ance and  reliability.  The  Phase  II  objective  was  to  develop  a modular  OAMS 
design  to  provide  the  benefits  of  standard  components  and  interchangeability. 
Componejit  specifications  were  generated  from  the  results  of  the  Advanced 
Brassboard  Tests  and  a prototype  Plight  Model  was  designed.  Long  lead  time 
components  for  two  (2)  Flight  Model  instruments  plus  spares  were  purchased. 

In  Phase  II  modifications  were  made  to  the  Phase  I design  which  pro- 
vided increased  performance  and  allowed  the  range  to  be  extended  from  25  to 
50  feet.  Thf  modifications  included: 

o The  utilization  of  three  different  LED  light  sources  which 
became  available  after  the  Phase  I effort.  These  LED's  were 
of  a higher  power  output  than  those  of  Phase  I. 

o To  accommodate  the  new  LED's,  a different  collimating  lens 
system  was  Incorporated.  The  Phase  II  lens  system  utilized 
aspheric  collecting  optics  which  increased  the  light 
collection  efficiency. 

0 The  Phase  I detectors  were  replaced  by  detectors  having  a 
higher  responaivity . 

0 The  electronics  were  replaced  by  preferred  and  military 
standard  parts  to  maintain  and  improve  perfonmince  and 
maintainability. 

Qualification  testing  and  evaluation  was  performed  on  all  new  com- 
ponents and  a reliability  program  was  performed  in  accordance  with  applicable 
parts  of  HIL-STD-15A3  and  statistical  reliability  studies  were  performed  on 
sub'systems  and  systems. 

Calibration  curves  were  obtained  from  the  Advanced  Brassboard  from  which 
curve  fitting  polynominals  were  generated.  In  addition  thermal  testing  over 
the  range  40  to  100  degrees  Fahrenheit  was  performed. 

Independent  tests  were  performed  by  the  Guidance  Test  Division  of 
Holloman  Air  Force  Base. 

The  feasibility  of  using  the  polarization  concepts  In  triaxial  atti- 
tude sensing  was  demonstrated,  and  in  Phase  II  Flight  Hardware  was  designed 
and  Advanced  Brassboard  Hardware  was  built 
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PREFACE 


Chrysler  Corporation  Hichoud  Defense-Space  Division  submits  this 
final  report,  which  covers  the  work  performed  in  compliance  with  the  work 
statement  of  contract  F04701-76-C-0044.  This  contract  was  issued  by  the 
Department  of  the  Air  Force,  Headquarters  Space  and  Missile  Systems 
Organization  (SAMSO) , AF  Unit  Post  Office,  los  Angeles,  California  90009. 

Tlie  program  included  the  redesign  and  modification  of  f:he  Phase  I 
Brassboard  of  a 3-axis  Optical  Angular  Motion  Sensor  (OAMS)  into  an  Advanc- 
ed Phase  II  Brassboard.  Qualification  tests  were  performed  on  the  Advanced 
Brassboard  from  which  component  specifications  and  a design  for  a Flight 
Model  were  generated. 

The  authors  acknowlcxlge  many  helpful  discussions  with  Messrs.  M.  Arck, 
J.  Redmann,  G.  Anderson,  E.  Farr,  Dr.  T.  Kazangey,  I.  K.  Egashira,  J.  Howell 
and  J.  Hall  of  Aerospace  Corporation,  Lt.  G.  Shaw  and  Capt.  G.  Rhue  of 
SAMSO  and  K.  Miles  of  Holloman  A.F.B. 
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1 .0  INTRODUCTION 


Space  missions,  both  present  and  projected,  require  precise  alignment 
information  of  sensors  with  respect  to  the  spacecraft  reference  axes.  If 
the  sensor  is  lo.aLcd  some  distance  from  the  reference  baseplate,  as  is  often 
the  case,  structural  flexure  during  flight  can  result  in  significant  mis- 
alignment errors.  As  spacecraft  become  larger  this  separation  distance 
increases  to  the  point  that  no  system  exists  which  can  monit./r  this  relative 
alignment  with  the  sufficient  accuracy  required  for  precision  space  applica- 
tions. The  Optical  .Angular  Motion  Sensor  (OAMS)  offers  a solution. 

Conventional  methods  of  optical  alignment  are  basically  modifications 
of  autocol lima t ion  techniques.  These  techniques  involve  the  precise  measure- 
ment of  the  position  of  the  center  of  an  image  in  the  focal  plane  of  an 
objective  lens.  Accuracy  is  improved  by  increasing  the  focal  length  -.ince 
a given  angular  deviation  «vould  then  produce  a larger  displacement  of  the 
image  in  the  focal  plane.  Arc-second  accuracy  usually  requires  focal  lengths 
of  about  thirty  inches.  The  length  in  general  creates  additional  problems 
of  mounting,  portability  and  maintaining  internal  alignment. 

However,  there  are  more  basic  limitations  of  autocollimation.  First, 
with  presently  available  image  position  sensing  devices,  accuracy  is  increa-sed 
only  by  sacrificing  measurement  range.  Beyond  a certain  range  the  device  only 
indicates  the  direction  of  displacement  and  not  the  degree  of  displacement. 
Autocollimation  devices  having  arc-second  resolution  generally  have  a measuring 
range  of  a few  minutes  of  arc.  (This  measurement  range  can  be  incre?sed  by 
the  use  of  cot '*1  icated  repositioning  of  components  in  the  focal  plane.  How- 
ever, the  absolute  accuracy  suffers  and  the  dynamic  response  is  greatly  reduced 
due  to  the  moving  components.)  The  second  disadvantage  of  autocollimation  is 
the  requirement  for  hig'  quality  optics  over  the  measurement  ranga.  For  arc- 
second  resolution  difirtetion  limited  optics  is  a necessity,  This  require- 
ment greatly  increases  the  cost  and  the  complexity  of  the  sys!:em. 

0>WS  replaces  the  long  focal  length  by  an  Angle  Sensing  Crystal.  In 
fact,  an  objective  lens  is  not  required.  The  only  requirement  is  an  optical 
system  to  direct  the  light  to  the  detector  as  It  emerges  from  the  Wollaston 
prism.  Since  imaging  is  not  required,  these  ootlcs  can  be  extremely  compact 
and  low  cost.  The  total  optical  train  for  an  .irc-second  resolution  instru- 
ment can  be  made  to  have  a total  length  of  les::  than  six  inches  as  opposed  to 
thirty  inches  for  an  autocollimator. 

In  addition,  the  measurement  range  of  OAMS  can  be  to  ten  de- 

grees or  more  by  trading  absolute  resolution  and  field  of  view  without  sacri- 
ficing dynamic  response.  (An  autocollimator  has  only  a very  small  measurement 
range  - when  this  is  overcome  by  the  use  of  moving  parts,  the  overall  accuracy 
and  dynamic  response  suffers.) 

Internal  alignment  tolerances  are  virtually  non-existent  compared  to  an 
autocollimator.  The  absence  of  moving  parts  may  increase  reliability  and  re- 
sistance Co  vibration  and  shock. 

OAMS  is  a three  axis  angular  motion  sensing  device  whose  output  signals 
indicate  the  relative  angular  displacement  between  its  two  main  parts,  trans- 
mitter and  receiver.  The  transmitter  emits  three  beams  of  polarized  modulated 
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light,  one  beam  for  each  of  three  axes.  The  receiver  converts  the  light 
of  each  beam  into  an  electrical  signal  proportional  to  the  angular  displace- 
ment of  its  corresponding  axis.  Tlius  roll,  pitch,  and  yaw  (reference  axis 
being  the  1 Ine-of-slght  between  transmitter  and  receiver)  are  constantly 
monitored . 


CAMS  Phase  I was  development  of  the  preliminary  design  Phase  0,  OAMS 
Phase  0 was  a conceptual  study  and  preliminary  design.  The  results  were 
used  as  a basis  for  OAMS  Phase  II  which  involved  the  design,  developnent, 
fabrication,  and  testing  of  a brassboard  demonstration  model.  Documentation 
.and  specifications  produced  end  used  in  these  three  Phases  were: 


Final  Report 
Final  Report 
Performance  Evaluation 
Test  Plan 

Prime  Item  Development 
Specification 
Silicon  Photodetector 
Emitting  Source 
Pitch  Channel 
Emitting  Source 
Yaw  Channel 
Emitting  Source 
Roll  Channel 

Angle  Sensing  Crvsral  (ASC) 


SAMSO-TR-7 5-120 
SAMSO-TR-73-6 

CEI  No.  73-6  -TP 

CEI  No.  73-6 

CEI  No.  73-6-A 

Rev . A 
Rev . A 

CEI  No.  73-6-B 

Rev . A 

CEI  No.  73-6-C 

Rev . A 

CEI  No.  73-6-D 
CEI  No.  73-6-E 

Rev , A 
Rev.  A 

Other  potential  areas  in  which  the  OAHS  system  may  be  used  are: 

a)  Transfer  reference  alignment  between  guidance  platform  and 
tracking  mounts 

b)  Alignment  of  communications  satellite  to  earth 

c)  Alignment  while  tracking  space  targets 

d)  Angular  monitoring  of  space  objects 

e)  Transfer  of  alignment  to  mounts  external  to  spacecraft 

f)  Transfer  of  alignment  between  tracker  and  pointing  of  high 
energy  lasers 

g)  Missile  aiming 

h)  Structure  flexure  monitoring 
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2.0  on.iEcnvE 


2.1  ncncral 

The  objective  of  Phase  II  was  the  design  of  a flight  model  of  the  Optical 
Angular  Motion  Sensor  (OAMS)  to  show  compliance  with  its  performance  require- 
ments In  the  anticipated  environments,  as  set  forthln  SAMSO  Specification  73*6. 
The  development  model  was  bench  tested  at  Holloman  A.F.B. 

2«l.i  Goals 

The  performance  goals  vjere  a)  angular  deflection  measurement  to  an  accu- 
racy of  ^ 2 arc  second  (3  axis  1 sigma),  b)  measurement  range  1"  0.25  degree 
about  Line  of  Sight  (LOS),  and  c)  operation  at  a distance  of  15.2  meters  (50 
feet) . 


2.1.2  Engineering  Tasks 

The  following  major  engineering  tasks  were  performed: 


a.  Data  analysis  and  evaluation.  Analyze  data  obtained  during  Phase  I 
and  obtain  additional  data  during  Phase  II.  Evaluate  OAMS  perform- 
ance for  short  and  long  term  stability. 


b.  Evaluate  the  demonstration  model  design  and  parametric  analysis 
documented  in  Phase  I Final  Report. 

c.  Conduct  design  veriflcatlon/developnient  tests  as  specified  in  the 
approved  test  plan. 

2.1.3  Perfoniance  Requi rements 

The  following  list  defines  the  major  performance  required  for  an  OAMS 
System. 

a.  Functional  characteristics 

b.  Performance  characteristics 


1.  Measurement  range; 

900  arc  sec 

2.  Calibration 

3.  Accuracy 

4.  Output  signals;  l.C  mv/ 

arc  sec 

c.  Mechanical  interface 

d.  Functional  i.'.terface 

e.  Optica'  interface 


5.  Saturation  characteristics 

6.  Response  time;  10  hz 

7.  Operating  distance;  15.2 

meters 

8.  Temperature  range;  40-100°F 


I 

J 


g.  Weight 

h.  Structure  design 

i.  Nuclear  survivability 

2.1.14  Co.Ttract  Data  Requirements  List 
Documentation  required  for  program 


2.1.5 

Amendment 

POOOl  - 

Increase 

in  estimated  cost  and  fixed  fee. 

2.1.6 

Amendment 

P0002  - 

Contract 

change  to  redesign  OAMS  flight  model 

2.1.? 

Aracadmen  t 

P0003  - 

Increase 

incremental  funding. 

2.1.8 

Amendment 

P0004  - 

Increase 

incremental  funding. 

2.1.9 

Amendment 

P0005  - 

Increase 

incremental  funding. 

2.1.10  Amendment  P0006  - Increase  funding  to  cover  the  ordering  of 
long  lead  items. 

2.1.11  Amendment  P00C7  - Increase  incremental  funding  to  cover  cost 
of  OAMb  test  at  Holloman  AFB,  New  Mexico. 

2.1.12  Amendment  P0008  - Additional  funding. 

2.1.13  Amendment  P0009  - Realign  the  work  effort  in  accordance  with 
new  schedule. 

A summary  of  the  results  for  each  listed  item  follows; 

Item  2.1.1:  Performance  goals  a,b  and  c met  under  all  test  conditions. 
Itas^  2.1.2;  Engineering  tasks  completed; 

a.  Data  analysis  and  evaluation 

b.  Model  design  evaluated;  parametric  analysis  documentated , 

c.  Design  verificatior./development  tests  conducted. 

2.1.3:  Performance  Requirements 

a.  Functional  characteristics  of  the  system  net  the 
general  requlronents  of  the  CAMS  system 

b.  Performance  characteristics  met  pitch,  roll  and  yaw 
requirements. 
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The  following  primary  requirements  were: 

1.  Measurement  range  - The  angular  range  met  the  goals 
of  900  arc  seconds  in  each  axis. 

2 Calibration  - Calibration  curves  are  generally  a sine 

and  can  be  dafinad  by  a order  polynomial  of 

less  than  six  terms. 

3 Accuracy  - Systematic  errors  generally  met  the 

men»  of  less  than  t 5 arc  seconds  for  rotations  about 
any  single  axis  at  the  900  arc  seconds  range. 

4.  Ouput  signals  of  the  brassboard  are  adjustable  to  1 mv 
per  arc  second. 

5.  Response  time  - 10  Hertz  requirement  was  met. 

6.  Operating  distance  - required  distance  of  50  feet  was  met. 

7 Temperature  range  - determination  of  performance  throughout 
the  range  40®  - 100°  needs  further  effort. 

8.  Mechanical  Interface  - to  be  determined. 

9,  Functional  interface  - to  be  determined. 

10.  Optical  interface  - requirements  met. 

U.  Volume  - transmitter  and  receiver  met  volume  requirements. 

12.  Weight  - transmitter  and  receiver  met  wei^t  requirements. 

13.  Multiple  targets  - not  applicable  to  Pha3e  II. 

14.  Structure  design  - mechanical  and  thermal  requirerAents  met, 

15.  nuclear  survivability  - Study  only.  (Appendix  A) 

Item  2.1.4;  CDRL  - All  documents  submitted. 

The  reports  that  were  produced  during  the  Phase  1 contract 
were; 

General  Teat  Plan  (OAMS  Brassboard)  - CEI  No.  73 -e-TP,  Rev  A 

Critical  Component  Test  Plans  - CEI  No.  73-&-CCTP 

Configuration  Prime  Item  Development  Specification  ' CEI 
No.  73-6,  Eev  A 


Configuration  Item  Critical  Components  Specifications: 

Silicon  Photodetector  - CEI  No.  73-6-A,  Rev  A 

Emitting  Source  - Pitch  Channel  - CEI  No.  73-6-B,  Rev  A 

Emitting  Source  - Yaw  Channel  - CEI  No.  73-6-B,  Rev  A 

Emitting  Source  - Roll  Chsi  nel  - CEI  No.  73-6-D,  Rav  A 

Angle  Sensing  Crystal  - CEI  No.  73-6-E,  Rev  A 

Final  'Technical  Report  - SAMSO  TR-75-120 

The  reports  that  were  produced  during  the  Phase  II  contract 
were: 

Optical  Angular  Motion  Sensor  Phase  II  - Final  Report, 

May  1977. 

Critical  Design  Review  April  1977. 

GAMS  Evaluation  After  Temperature  Testing,  November  1976. 
Freiirainary  Design  Review,  March  1976. 

Item  2.1.5:  Amendment  POOOl  - Modified  the  contract  to  cover  ordering  the 
necessary  long  lead  items  for  redesign  and  rebuild  of  the  brassboard 
electronics. 


2.1.6:  Amendment  P0002  - Modified  contract  to  cover  effort  to  be 

performed  in  the  design  uf  t,  GAMS  flight  model  up  to  the  completion  of 
Critical  Design  Review  (CDR) . 

lifll  2.1.7  : Amendment  F0003  - Increased  the  incremental  funding. 

Isa  2.1.8  : Amendment  P0004  - Increased  incremental  funding  to  cover 

period  through  15  August  1976. 

2.1.9;  Amendment  P0003  * Increased  incremental  funding  to  cover 
period  through  30  September  1976. 


Item  2.1. iO;  Amendment  P0006  - Modified  contract  to  covet  the  ordering 

of  long  lead  tiaM  Items  required  for  fabrication  of  the  qualification  and 

fliglht  model;  increased  funding  to  cover  this  additional  procurement.  ^ 

i 

Urn  2.1  .11:  Amendment  P0007  - Covered  cost  of  participating  in  testing 
the  OW"’’  System  at  the  Central  Inertial  Guidance  Test  Facillt-^,  Holloawn  i 

AFl,  New  Mexico.  Increased  allotted  incrcsiental  funding  to  cover  estimated  1 ; 

period  through  15  !ttr<;h  1977.  1 j 
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1 I em  2.1.12;  Amendment  P0008  - Provided  additional  funding  for  estimated 
coverage  through  30  November  1976. 

Item  2.1.13:  Amendment  P0009  • Work  effort  realigned  in  accordance  with 
new  schedule;  Final  Report  delivery  date;  3!  May  1977. 

2.2  Design 

The  design  areas  covered  in  Phase  II  were  twofold:  1)  a redesign  of 
the  Phase  I Brassboard  into  a Phase  II  Advanced  Brassboard  suitable  for 
qualification  testing,  and  2)  the  design  of  a prototype  Flight  Model. 

2.2.1  Advanced  Brassboard  Design 

The  Advanced  Brassboard  was  a modification  of  the  Phase  I Brassboard. 
The  areas  of  major  redesign  consisted  of  the  following: 

Transmitter 

o LED's  - the  Phase  I LED's  were  replaced  by  LED's  having  a 
higher  light  output. 

o Collimating  Lenses  - the  collimating  lenses  were  changed  to 
accommodate  the  new  LED's  and  to  provide  the  required  field 
of  view  for  Phase  II.  (This  change  was  made  only  in  the 
pitch  channel  for  cr*mparison  purposes) . 

o Mechanical  * mechanical  changes  were  made  in  component  mounting 
hardware  to  accommodate  the  new  LED's  and  Lenses. 

. Receiver 

o Detectors  - the  Phase  1 detectors  were  replaced  by  detectors 
having  a higher  effective  responsivity . 

o Objective  Lenses  - new  objective  lenses  were  incorporated  in  ■ 
the  receiver  to  accommodate  the  detectors  and  the  required 
field  of  view. 

o Mechanical  - mechanl'’.al  changes  were  made  in  the  detector  and 
less  mounting  hardwaie  to  accommodate  the  new  components. 

Electronics 

o Standard  Farts  - where  possible  preferred  and  military  standard 
parts  were  used. 

o Power  Consusiption  - reduced  power  consumption  was  achieved  by 
redesign  of  the  power  supply  and  LED  drlver'j.  The  power  con- 
sumption was  reduced  from  150  to  20  watts. 


0 Ooeratlonal  Amplifiers  - the  operational  amplifiers  were  replaced 
fay  units  having  low  noise,  low  output  offset,  and  low  output  off- 
set drift  with  temperature. 

o Packaging  - The  electronics  were  repackaged  into  a smaller  volume 
and  weight  configuration.  Modular  design  was  incorporated  to 
improve  maintainability. 

2.2.2  Flight  Model 

The  Advanced  Brassboard  was  tested.  From  the  results  of  the  testing 
and  from  additional  analysis  a design  and  component  specifications  were 
generated  fot  a prototype  flight  model.  In  addition  to  the  testing  of  the 
Advanced  Brassboard  the  following  design  and/or  analysis  was  performed. 

Transmitter 

o Angle  Sensing  Crystal  - The  Angle  Sensing  Cristal  thickness  was 

changed  from  2.0  to  3.0  mm  to  accommodate  the  required  field  of  view 
of  the  flight  model. 

o Mechanical  - mechanical  redesign  was  performed  to  provide  for  new 
components  and  flight  model  configuration. 

o Optical  Ray  Trace  - an  optical  ray  trace  was  performed  on  the 
transmitter  optical  design. 

Receiver 

o Angle  Sensing  Crystal  - the  thickness  was  changed  from  2.0  to  3.0  mm 
to  provide  for  the  required  field  of  view* 

0 filters  - the  toll  channel  filter  was  changed  from  930  mm  to  935  on 
to  accommodate  for  a slightly  different  LED  peak  wavelength  from 
the  Phase  I design. 

o Mechanical  - mechanical  redesign  was  performed  to  provide  for  new 
components  and  flight  model  configuration. 

o Optical  Ray  Trace  - an  optical  ray  trace  was  performed  on  the 
receiver  optical  design. 

Electronics 

o Reliability  - "S*'  level  failure  rate  components  were  chosen  if 

available  from  aunufacturerr.  K'>n  "s"  level  components  were  selected 
for  the  lowest  failure  rate  manufactured. 

b Packaging  - the  electronics  were  repackaged  to  meet  the  size  and 
maintainability  requlreaMnts  In  Prime  Item  Spec.  CEI  Mo.  73-6, 

Rev.  A. 
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o Power  Supply  - the  power  supply  was  optimized  for  system 
efficiency . 

2 . 3 Summary  of  Results 

2.3.1  Summary  of  Phese  0 

In  the  initial  phase  of  the  OAMS  Program,  concepts  that  could  be 
used  for  angular  measurement  were  identified  and  evaluated.  A concept 
making  use  of  the  polarized  nature  of  radiation  and  the  interaction  of 
polarized  radiation  in  optical  crystals  was  selected  as  the  OAMS  concept. 

The  feasibility  of  the  concept  was  proven  analytically  and  demonstrated 
experimentally  in  the  laboratory.  A preliminary  design  of  an  angular 
measurement  system  based  upon  the  polarization  c ncept  was  accomplished. 

The  preliminary  design  Included  the  generation  of  optical,  mechanical 
and  electrical  drawings. 

2.3.2  Summary  of  Phase  I 

A brassboard  OAMS  system  was  fabricated  and  tested  to  evaluate  the 
capability  of  achieving  the  required  goals.  The  feasibility  of  using 
polarization  and  birefringent  crystals  for  precision  angular  measurement 
was  demonstrated.  The  brassboard  demonstrated  that  relative  angular  motion 
in  roll,  pitch  and  yaw  could  be  measured  to  an  accuracy  of  better  than  five 
arc  seconds. 

The  test  results  of  the  brassboard  were  generally  within  the  prototype 
requirements.  Translation  errors  were  greater  than  expected.  An  analysis 
of  this  problem  resulted  in  a redesign  of  the  LED  control  loop  to  compensate 
for  the  variations  in  the  energy  profile  of  the  LEDs  while  moving  across 
the  field  of  view.  The  new  LED  control  loop  was  installed  in  the  brassboard. 

The  signal  to  noise  ratio  of  the  roll  channel  was  higher  than  expected  due 
to  decreased  light  levels.  At  25  feet  the  resolution  was  below  requirements  but 
at  10  feet  they  were  satisfactory.  The  internal  optical  system  was  degrad- 
ed due  to  components  variation  from  specifications.  This  situation  was 
corrected  during  the  program  extension. 

The  Light  Emitting  Diodes  in  the  pitch  and  yaw  channels  degraded 
during  teats  and  in  the  brassboard  tests.  They  were  unsatisfactory  for 
flight  hardware  and  were  replaced  by  another  type  of  LED. 

2.3.3  Summary  of  Phase  II 

All  the  components  that  will  bt.'  used  in  the  flight  model  were 
purchased  and  assembled  into  an  advanced  brassboard  model  (only  the  relia- 
bility level  will  be  better  for  the  flight  models,  cost  and  delivery  time 
were  the  reason  for  this  level  of  components  in  the  advanced  brassboard 
sK>del) . 


The  Lransmitlcr  head  in  an  advanced  brassboard  configuration  is 
^ complete.  This  includes  components  that  will  be  used  in  the  flight  model. 

Due  to  funding  and  time  limitations  only  the  pitch  channel  in  the  advanced 
brassboard  transmitter  head  was  completely  changed  to  the  flight  model  de- 
sign. Assembly  and  detail  drawings  are  available  for  this  configuration. 

The  flight  model  design  is  a particular  back  mounting  configuration  and  is 
shown  in  general  assembly  drawings. 

The  receiver  head  in  an  advanced  brassboard  configuration  is  complete. 
This  Includes  components  that  will  be  used  in  the  flight  model.  Assembly 
and  detail  drawings  are  available  for  this  configuration.  The  flight  mddel 
design  is  a particular  back  mounting  configuration  and  is  shown  in  geneial 
as8end)ly  drawings. 

The  electronics  unit  in  an  advanced  brassboard  configuration  is  com- 
plete. This  includes  components  that  will  be  used  in  the  flight  model. 
Asseobly  and  detail  drawings  are  available  for  this  configuration.  This 
configuration  uses  all  the  electronics  components  that  will  be  used  in  the 
flight  model  but  no  flight  model  packaging  was  considered  in  the  advanced 
brassboard  design;  also,  a test  panel  unit  is  incorporated  in  this  unit. 
Schematic,  circuit  and  wiring  diagrams  are  available  and  included  on  these  are 
I general  circuit  board  layouts.  The  flight  model  design  Is  a particular 

Btounting  configuration  and  is  shown  in  general  assembly  drawings  showing 
printed  circuit  board  positions  and  board  component  sensity  layouts. 

Schematic  ci.'cuit  and  wiring  diagrams  are  drawn  for  the  flight  model  design, 

I this  also  includes  a test  panel  unit. 
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Applicable  Documents 


The  following  documents  were  applicable  to  the  CAMS  Phase  II  program 
to  the  extent  specified  it.  the  column  entitled  "Tailored  Application". 


Document  No. 
MIL- STD- 1543 

MIL-STD-1521 

MIL-I-45208A 
16  Sep  63 


Title 

Reliability  Program 
Hc^'iirements  for  Space 
and  Missile  Systems 

Technical  Reviews  and  Audits 
for  Systems  Equipment  and 
Computer  Programs 

Inspection  System 
Requirements 


Tailored  Application 

Para  4.0,  4.1,  4.3 
4.5,  4.5.1,  4.5.2,  4.6, 

5.1,  5.2.1,  5.2.3,  5.3, 

5.4.1,  and  5.4.2 

Appen  C,  30.2,  30.3, 
30.4,  30.8,  30.9,  30.12, 
30.18 

ALL 


SAMbO  Specifi-  Prime  Item  Development 
cation  No.  73-6  Specification  for  an  Opti- 
31  Dec  72  cal  Angular  Motion  CEI 

Part  I 


ALL 


SAMSO  Specifi-  Specification  for  an  Optl- 
cation  No.  73-6  cal  Angular  Motion  CEI 
30  June  75  Part  I 


SAMSO  STD  73-2C  SAMSO  Electronic  Parts 
2 Sept  1975  Standard 


ALL 


To  suit  OAKS  requirements 
per  modification  P00006  to 
contract . 
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2.4.2  Reference  Documents  for  PAMS  Phase  II 


Document  No. 

Date 

MIL-E-8983A 

30  Nov. 

71 

Electronic  Equipment  Aerospace 

Extended  Space  Environment, 

General  Specification  for 

MIL-Q-9858A 

16  No'i . 

63 

Quality  Program  Requirements 

USAF  Specifica- 
tion Bulletin  515 

3 Nov. 

1 

59 

Control  of  Non -conforming 

Supplies 

SAMSO  CEI  Spec. 
73-6 

31  Dec. 

72 

Prime  Item  Development  Specification 
for  an  Optical  Angular  Motion  Sensor 

M1L-STD-891A 

1 June 

72 

Contractor  Part  Control  and 
Standardization  Program 

MIL-STD-1515 

2 Oct. 

72 

Fasteners  Used  in  the  Design  and  Con- 
struction of  Aerospace  Mechanical  Systems 

SYGS  Exhibit 

10002  Revision  1 

15  June 

70 

Nuclear  Survivability 

SAMSO-TR-73-6 

31  Dec. 

72 

Optical  Angular  Motion  Sensor 

Concept  Definition  and  Preliminary 

Design  Phase 

Test  Plan  No. 
73-6-TP 

31  Dec. 

72 

Performance  Evaluation  Test  Plan 
for  the  Engineering  Prototype  of 
an  Optical  Angular  Motion  Sensor 

Test  Plan  No. 
73-6-TP 

Revision  A 

15  Har. 

76 

General  Test  Plan  for  the  Engineering 
Prototype  of  an  Optical  Angular  Motion 
Sensor. 

SAHSO-TR-75-120 

30  Apr. 

75 

Optical  Angular  Motion  Sensor 

Phase  I Final  Report 

Test  Plan  No. 
EO-76,  TR-1 

15  Sep. 

76 

Performance  Evaluation  Test  Plan  for 
the  Brassboard  of  an  Optical  Angular 
Motion  Sensor 

Test  Plan  No 
*0-76  TP-2 

15  Nov. 

76 

Optical  Component  Performance 

Evaluation  Test  Plan  for  a Brassbeard 
of  an  Optical  Angular  Motion  Sensor 

J 
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3.0  POIARIZATION  TECTNIQUES 


3. 1 Polarization 
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Polarization  is  a property  which  defines  the  transverse  nature  of 
light  electric  waves.  Fully  polarized  light  is  characterized  by  orienta- 
tion of  all  the  electric  wave  transverse  planes  in  one  direction.  Un- 
polarlzed  light  is  characterized  by  the  transverse  plane  orientation  being 
equally  distributed  in  all  directions.  Partially  polarized  light  is  a 
combination  of  the  two  conditions. 

Light  or  radiation  is  not  fully  defined  until  its  Stokes  parameters 
are  known.  In  1852  G.  G.  Stokes  defined  four  u.nique  characteristics  of 
light  which  fully  describe  its  intensity  and  polarization  components.  The 
parameters  are  generally  Illustrated  by  the  following  vector  referred  to 
as  the  Stokes  Vector. 


where  S^  - intensity  of  light  (polarized  and  unpolarlzed) 

• horizontal ^vertical)  plane  preference 
$2  • 45  degree/(-45  degree)  plane  preference 
S^  - rlght/(left)  hand  circular  preference 

These  are  the  unique  characteristics  of  polarized  light  that  u>n 
be  separated,  Identifl^  and  measured. 

Each  Stokes  parameter  has  the  dimension  of  Intensity  and  applies  to 
polarized  light  when  treated  as  a quasi -monochromatic  wave.  Super  position 
techniques  are  used  for  wide  optical  bands  not  meeting  the  quasi -niono 
chrovaClc  condition  by  dividing  it  into  a number  of  quasi -mcnochromatlc 
wavelength  bands.  The  parameter  Sq  represents  the  total  Intensity.  The 
parameter  S]^  is  equal  to  the  excess  in  intensity  of  light  transmitted  by 
a polarizer  that  accepts  linear  polarization  in  the  azimuth  ^ > 0 degrees 
o\’Cr  the  li^t  transsdtted  by  a polarizer  that  accepts  linear  polarization 
in  the  azimuth  6-  ■ 90  degrees. 

The  parameter  $2  has  a similar  interpretation  with  respect  to  the 
aziouths  ^ ■ 45  degrees  and  0-  » 135  degrees.  Finally,  the  parameter 
is  equal  to  the  excess  in  intensity  of  light  transmitted  by  a device 
that  accepts  right-handed  circular  polarization  over  the  light  transmitted 
by  a device  that  accepts  left  handed  circular  polarization.  A positive 


j 

* 


Slokcs  parameter  value  indicates  a liorizontal,  AS  degree,  or  right  circular 
preference,  whereas  a negative  value  indicates  its  orthogonal  component; 
that  is,  vertical,  -A5  degrees,  or  le^t  circular  preference. 


The  Stokes  vector,  in  i.ddition  to  defining  polarized  light  character- 
istics also  provides  a useful  tool  for  systematic  analysis  of  polarized 
light.  Through  the  use  of  Mueller  matrices  for  polarized  optical  elements 
such  as  quarter-wave  plates,  polarizers,  modulators,  Wollastons  and  ana- 
logous components  it  is  possible  to  predict  the  resultant  polarized  light 
characteristics  after  passing  through  a series  of  these  elements. 

Reference  2. 

Techniques 

Numerous  polarization  systems  have  been  designed  and  built  for 
measuring  angles  by  means  of  measuring  changing  polarization  parameters 
such  as  phase  relationship. 

The  first  phase  of  this  study  was  the  review  of  known  polarization 
systems  for  adaptability  to  spacecraft  requirements  as  outlined  in  the  CAMS 
technical  requirements  for  performance  and  design. 

Earlier  programs  had  utilized  several  modulation  techniques  which 
included  rotating  polarizers,  oscillating  crystals,  Kerr  cells,  light 
choppers,  electro-optical  light  modulators  (EOLM),  scanners,  and  source 
modulation. 

Of  this  group,  both  the  EOIM  and  source  modulation  have  several 
advantages  for  use  in  GAMS  system  as  such  devices  are  static  (non-moving). 
The  polarization  modulation  technique  can  be  demodulated  with  synchronous 
detection  techniques  offering  excellent,  narrow  band,  signal-tc-noise 
characteristics.  A disadvantage  associated  with  the  EOLM  concept  is  the 
high  operating  voltage  of  the  device.  Modulation  of  the  source  with  either 
continuous  wave  (CW)  or  pulses  offers  a low  voltage  system  but  results  in 
more  complex  data  handling  subsystems. 

A new  system  was  developed  which  combines  2 LED  sources  multiplexed 
into  a single  modulated  polarized  light  beam.  This  accomplished  the  ad- 
vantages of  the  EOLM  and  low  voltage  modulation  requirements  of  a space- 
craft. 

The  next  requirement  was  the  projection  of  a polarized  light  beam 
from  the  transmitter  with  a defined  polarisation  signature  which  will  not 
change  unless  birefringence  is  Introduced.  This  was  accomplished  by  the 
use  of  birefringent  crystals  which  establish  and  maintain  the  polarization 
cl aracteristics  as  a function  of  the  angular  relationship  of  the  light  to 
the  crystals. 


3 . 2 Roll  Axis 

In  the  case  of  roll  measurement  about  the  LOS,  the  transmitter  Wollas- 
ton prism  passes  two  orthogonal  plane-polarized  beams  of  light  (one  plane 
assocated  with  each  LED)  which  are  oriented  in  a fixed  manner  to  the  trans- 
mitter body.  The  receiver  Wollaston  prism  (which  is  rotated  about  its 
axis  45  degrees  to  the  transmitter  prism)  splits  each  polarized  LED  beams 
into  two  orthogonal  components  the':  fall  onto  two  separate  detectors.  At 
zero  roll  angle,  both  components  of  each  LED  are  equal  and  the  difference 
in  the  output  of  the  two  detectors  is  zero.  For  non-zero  roll  angle,  the 
light  from  each  LED  is  not  equally  distributed  to  the  detectors  and  the 
difference  is  a measure  of  the  roll  angle. 

A translation  of  the  receiver  across  the  transmitter  beam  should 
not  be  sensed,  since  the  orientation  of  the  polarization  from  each  LED  is 
uniform  across  the  beam,  and  is  not  affected  by  translation.  Separation 
of  the  signals  ir  the  three  channels  is  achieved  by  using  LEDs  of  three 
different  output  wavelengths  (permitting  use  of  optical  bandpass  filters) 
and  by  using  three  electrical  modulation  frequencies  (one  per  channel)  to 
drive  the  LEDs,  permitting  electrical  filtering.  The  Roll  channel  LED 
wavelength  is  935  nnt  and  its  modulation  frequency  is  925  hz. 

3.3  Lateral  Axis 


In  the  case  of  pitch  and  yaw  axis  sensing,  polarization  angle  measur- 
ing techniques  have  been  developed  by  Chrj'sler.  Each  axis  Is  sensed  In 
an  Identical  manner,  thus  the  description  to  follow  appllf-s  to  both.  The 
primary  optics  of  the  transmitter  consist  of  a Wollaston  prism,  quarter- 
wave  plate  and  an  ASC.  The  receiver  optics  consist  of  a matching  ASC, 
Wollaston  prism  and  filter.  The  ASC  war  developed  to  introduce  optical 
(polarization)  phase  shift  between  the  ordinary  and  extraordinary  rays 
as  a function  of  the  entrance  of  light.  The  ASC  is  composed  of  two  iden- 
tical birefringent  crystals  with  the  optical  axis  oriented  at  45°  to  the 
surface  of  the  ( /stal.  The  two  crystals  are  turned  at  90°  to  each  other 
so  that  the  extraordinary  and  ordinary  rays  of  the  polarized  light  passing 
through  the  first  crystal  are  transposed  in  the  second  crystal  as  shown 
in  Figure  3-1. 

A zero  optical  phase  shift  between  the  e-  and  o-rays  will  occur  for 
light  perpendicular  to  the  surface  of  the  crystal.  But  for  light  not  per- 
pendicular, the  phase  retardation  cf  the  polarized  light  leaving  the  crys- 
tal will  change  as  a function  of  the  entrance  angle.  The  crystals  have 
one  sensitive  axis  and  one  insensitive  axis.  The  sensitivity  of  the  angle 
sensing  crystal  is  a function  of  the  crystal  line  material  and  its  thick- 
ness (see  Ref.  3). 

The  quarter-wave  plate  positioned  betwee*.  the  transmitter  Wollaston 
and  ASC  converts  the  diverging  orthogonally  polarized  beams  from  the 
two  LEDs  to  circularly  polarized  beams,  one  left-handed  and  one  right- 
handed.  As  the  diverging  beams  traverse  the  transmitter  ASC,  the  circularly 
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polarized  beams  become  elliptically  polarized,  the  degree  of  ellipticity 
being  a function  of  the  angle  of  the  beam  with  the  ASC  surface.  The  ASC 
in  the  receiver  is  reversed  in  orientation  (l.e.  backwards)  to  that  in 
the  transmitter,  and  as  long  as  the  two  ASCs  are  parallel,  the  ellipticity 
Introduced  by  the  transmitter  ASC  is  cancelled  by  the  receiver  ASC,  result- 
ing in  circularly  polarized  beams.  This  feature  permits  lateral  transla- 
tion without  affecting  pitch  or  yaw  measurements.  When  the  circularly 
polarized  beams  are  split  by  the  Wollaston  prism,  the  two  detectors  receive 
equal  Irradiance  from  each  LED  and  the  difference  is  zero,  indicating  zero 
pitch  (or  yaw)  angle.  When  the  face  of  the  receiver  ASC  is  not  parallel 
to  the  face  of  the  transmitter  ASC,  the  resulting  beams  on  the  receiver 
Wollaston  prism  are  elliptically  polarized  (rather  than  circular)  end  the 
two  detectors  are  given  unequal  amounts  of  Irradiance  from  each  LED,  with 
the  difference  being  In'Hcatlve  of  the  pitch  (or  yaw)  angle.  The  pitch 
and  yaw  channel  sensitive  axes  are  orthogonal  and  signal  separation  is 
accomplished  by  light  sources  of  different  wavelengths  (810  nm  - pitch 
and  850  nm  - yaw).  This  separation  is  enhanced  by  the  use  of  optical  fil- 
tering and  by  driving  the  light  source  at  different  frequencies  (one  octave 
separation) . 
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RECOMMENDED  CONCEPT 


The  present  Advanced  Brassboard  design  and  subsequent  reconmended 
flight  model  are  a derivative  of  three  stages  of  -study /work  effoi.t. 

The  first  stage  called  OAIS  Phase  0 investigated  various  concepts  for 
OiWS  applications  that  would  meet  the  program  requirements.  Thia  in- 
vestigation considered  the  latest  state-of-the-art  components  in  the 
evaluation  effort  to  determine  their  feasibility  in  O/MS  use.  During 
the  latter  portion  of  this  effort,  a single  channel  breadboard  of  the 
recommended  concept  was  assembled  to  demonstrate  its  feasibility. 

The  recommended  concept  from  Phase  0 consisted  of  three  channels 
used  in  measuring  angular  movements  in  pitch,  roll  and  yaw.  Basic  to 
the  system  is  the  generation  of  plane  polarized  light  and  to  operate 
optically  and  electronically  on  this  light  to  extract  the  desired  an- 
gular information.  Physically  the  O/VIS  is  made  up  of  three  units, 
namely  a transmitter,  receiver  and  the  electronics  for  processing  pur- 
poses. Each  channel,  at  the  transmitter,  uses  two  LEDs  that  are  elec- 
trically driven  in  a manner  where  the  emitted  light  is  anplitude  modu- 
lated at  a frequency  with  one  octave  separation  between  channels.  In 
addition,  each  LED  pair  is  chosen  to  emit  light  at  a distinct  wavelength. 
With  frequency  and  wavelength  separation,  plus  the  use  of  a narrow  band- 
width optical  filter  (selected  for  each  channel)  at  the  receiver,  cross 
axis  interference  from  the  signal  sources  is  negligible. 

Common  to  all  channels  at  the  transmitter  is  the  focusing  lens  and 
a Wollaston  prism.  This  configuration  describes  the  roll  transmitter 
channel.  A quarter-wave  plate  and  an  ASC  arc  the  additional  optics  re- 
quired for  each  of  the  pitch  and  yaw  channels. 

The  receiver  unit  is  tithin  the  cone  of  light  projected  by  each 
channel.  The  unit  contains  three  distinct  polarization  sensing  assem- 
blies. The  pitch  and  yaw  channel  assemblies  are  each  composed  of  an 
ASC  (mcjttiied  to  the  transmitter  ASC),  a Wollaston  prism,  optical  filter, 
focusing  lens  and  two  detectors.  The  roll  assembly  is  similar  but  does 
not  contain  the  ASC. 

The  electronic  unit  takes  the  difference  of  the  a.c.  signal  from 
the  detector  pair  and  in  conjunction  with  the  d.c.  sum  signal  operator 
on  the  differential  signal  as  an  Automatic  Galti  Control  (AGC).  The  AGC 
adjusts  the  differential  signal  to  compensate  for  varying  light  level 
changes.  A LED  control  loop  is  enployed  to  balance  the  light  output  of 
the  two  LEDs. 

O/mS  Hiase  1 implemented  the  concept  described  in  "Phase  0"  with 
a brassboard  design.  As  a result  of  tests  on  this  design,  several  im- 
provements were  recommended  towards  the  latter  portion  of  this  phase. 
These  improvements  consist  of  1)  high  light  output  and  longer  life  LB}s, 
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2)  improved  LED  control  loop,  3)  larger  active  area  and  higher  rr spon- 
sivity  detectors,  and  /*)  improved  circuit  design.  In  Phase  II,  the 
recomraended  design  changes  of  Phase  I were  Incorporated  In  a new  ad- 
vanced brassboard  design.  Tests  made  on  this  latest  design  indicated 
areas  of  additional  design  improvements  and  optical  adjustment  method- 
ology for  the  present  recommended  flight  model  design. 


Op  amp  open  loop  gain;  volt /volt 
Transconductance  of  CONT  LED  drive  amp;  mhos 
jjth  signal  peak  amplitude;  mv 

Horizontal  detector/pre-amp  transresistance:  ohms 

Transresistance  of  CONT  LED  light  path;  ohms 

Transresistance  of  REF  LED  light  path;  ohms 

Vert  cal  detector/pre -amp  transresistance;  ohms 

RCVR  Angle  sensing  crystal  operator 

XMTR  angle  sensing  crystal  operator 

Voltage  gain  of  detector/pre-amp  circuit;  volt/volt 

Noise  voltage  gain  of  detector/pre-amp  circuit;  volt/voln 

Lead/lag  network  attenuation  factor 

n*^^  signal  peak  amplitude  (mv) ; 

Noise  bandwidth  (hz) 

Factor  used  to  account  for  LCD  inefficiency  and  light 
attenuation 

Abbreviation  for  cosine  term 

Detector  junction  capacitance;  pf 

Bypass  capacitance;  fii 

Control  signal  time- varying  voltage;  mv 

Differential  time-varying  voltage;  mv 

Detector/pre-amp  instantaneous  voltage;  mv 

Op  amp  thcraal  spot  voltage  noibc;  nv/(hz)^ 

Feedback  resistor  thermal  voltage  noise;  /|v/(hz)^ 


Dctector/pre  amp  thermal  voltage  noise;  //v/(hz)* 
Oscillator  time- varying  voltage;  volts 
System  output  thermal  voltage  noise;  mv  nns 
Processing  branch  time-varying  voltage;  rov 
Processing  branch  time-varying  full-wave  voltage; 
Sum  instantaneous  voltage  (mv) ; 

Square  wave  time-varying  voltage  (volts) 

Oetector/prc  amp  instantaneous  voltage;  mv 

1 frequency;  hz 

10  hz  filter  corner  frequency;  hz 

Op  amp  1 break  frequency;  hz 

Forward  loop  gain;  volt/volt 

CONT  amp  gain;  volt/voU 

Differential  gain;  volt/volt 

fCC  10  hz  filter  gain:  volt/vclt 

OOlir  loop  SYNCH  DEMOD  gala;  volt/volt 

Sum  gain;  volt/volt 

ACC  divider  gain;  volt/volt 

Feedback  loop  gain;  volt /volt 

Background  light  dc  current  component;  me 

OONT  LED  dc  current  ; ma 

REF  LED  dc  current ; ma 

ODMT  LEO  Instantaneous  current;  ma 

OOlfT  LED  time-varying  current;  ma 

Horlxontal  detector  Instantaneous  current;  fta 

Vertical  detector  Instantaneous  current : //• 


mv 
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Op  amp  thermal  spot  current  noise;  pa/{hz)^ 

Horizontal  detector  themal  spot  current  noise;  pa/Chz) 

REF  LED  instantaneous  current ; ma 

REF  LED  time-varying  current;  ma 

CONT  LED  ir radiance;  w/cm^ 

Irradiance  at  RCVR,  w/cm^ 

Irradiance  at  horizontal  detector;  w/cm^ 

2 

Irradiance  at  vertical  detector;  w/cm 

2 

REF  LED  irradiance;  w/cm 

Irradiance  at  XMTR;  w/cm^ 

Angular  multiplying  factor  (arc  sec. /rad); 

Total  loop  gain  (volt/volt) 

Degrees  Kelvin 

Optical  angular  gain;  ^ 

Boltzmann's  constant  ■ 1.374  x 10"  joules/’K 

OONT  LED  Modulation  index 

REF  LED  Modulation  index 

General  linear  polarizer  operator 

Lead/lag  pole  radian  frequency;  rad/sec 

Quarter-wave  plate  operator 

Damping  resistor;  ohms 

Feedback  resistor;  ohms 

i^^  resistor;  ohms 

Detector  junction  resistance;  ohms 

Op  amp  circuit  input  bias  resistor;  ohms 

Detector  series  resistance;  ohms 

Responsivity  of  horizontal  detector;  amp/w 
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Rosponslvity  of  vertical  detector*  amp/w 
Abbreviation  for  sine  terros 
Laplace  operator 

Stokes  vector  unpolarlzed  light  (REF  or  CONT)  operator 

Stokes  vector  operator 

Temperature,  °K 

Roll  matrix  operator 

Time 

Relative  ratio  of  CONT  to  REF  LED  a.c.  light  signal 
Control  voltage; 

Divider  denominator  dc  input  voltage  ; volts 
Control  dc  voltage  offset;  volts 
System  output  voltage;  mv 
Sum  dc  voltage;  volts 

DC  voltage  offset  at  ACC  divider  denominator;  mv 
Divider  denominator  dc  voltage;  voltr 

com  divider  or  AGC  divider  instantaneous  output  voltage;  volts 

com  divider  or  AGC  divider  instantaneous  numerator  input 
voltage;  volts 

RCVR  Wollaston  prism  operator 
XMTR  Wollaston  prism  operator 
Mean  of  noise  data;  mv 
i^^  noise  dtiLa*.  mv 
Lead/lag  network  zero;  rad/sec 
ASC^  incident  angle;  arc  sec. 

Roll  Channel  nonorthogonality  angular  displacement;  deg. 
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Phase  shift  in  OONT  LED  driver  circuit  : deg. 

D imping  factor  of  horizontal  detector/pre  amp 
Damping  factor  of  10  hz  filter 
Phase  shift  in  KEF  LED  driver  circuit 
Damping  factor  of  vertical  detector/pre  .imp 
ASCj^  incident  angle  'deg.) 

Voltage  feedback  ratio  of  op  amp  circuit  (volt/volt) 

Irradiance  difference  of  CONT  and  REF  LED;  w/cm^ 

Damping  ratio  of  10  hz  filter 

Damping  ratio  of  detector/pre  amp  circuit 

Detector/pre  amp  phase  shift;  deg. 

Generalized  rotational  angle;  arc  sec. 

Total  phase  shift  at  00?"?  loop  SYNCH  DEMOd;  deg. 

Total  phase  shift  at  processing  SYNCH  DEMOD;  deg. 

Roll  angular  movement;  arc  sec. 

AJ  multiplied  by  sin^^  or  cos^j.;  w/cm^ 

polarization  plane  angle  assigned  to  OONT  LED;  deg. 

H|^  polarization  plane  angle  assigned  to  horizontal  detector;  deg. 

polarization  plane  angle  assigned  to  REF  LED;  deg. 

«R  polarization  plane  angle  assigned  to  vertical  detector;  deg. 
Sum 

Irradiance  sum  of  OONT  and  REF  LED;  w/cm^ 

System  noise  standard  deviation;  mv  rms 
Control  loop  phase  shift;  deg. 

Phase  angle  due  to  CONT  and  REP  LED  driver  circuit  reflected 
in  processing  path;  deg. 
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Hjasc  nnglt!  due  to  CX)ITr  and  REF  LEO  dr<ver  circuit  reflected 
In  control  loop;  deg. 

Op  amp  phase  shift;  deg. 

Differential  circuit  phase  shift;  deg. 

Sum  circuit  phase  shift;  deg. 

Difference  of  and  deg. 

I 

Sum  of  and  deg. 

Generalized  phase  shift;  deg. 

Generalized  radian  frequency;  rad/sec. 

Horizontal  detector/pre-amp  natural  radian  frequency;  rad/sec 
Op  amp  1st  break  radian  frequency;  rad/sec 
Control  loop  10  hz  filter  natural  radian  frequency;  rad/sec 
Vertical  detector/pre-amp  natural  radian  frequency;  rad/sec 
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5.0  PARAMETRIC  ANAI.YSIS 

This  section  sunmarizcs  pertinent  findings  where  some  are  salient  and 
others  rwt  so  obvious  without  some  detail  analysis.  The  usual  pattern  followed 
here  is  to  present  the  analysis  along  with  assumptions  and  rationale  and  then 
confirm  the  results  by  actual  laboratory  measurements  or  conments  on  our  ex- 
perience while  working  with  CAMS.  The  subjects  discussed  are:  1)  the  optical 
model  development  for  the  lateral  and  roll  channels  along  with  analysis  of  the 
effect  of  Wollaston  nonorthogonality,  2)  the  control  loop  analysis  and  3)  the 
detector/pre  amp  circuit  analysis  and  special  requirements  necessary  to  main- 
tain system  electrical  noise  to  a minimum. 

5.1  System  Equations 

The  system  equations  presented  here  are  an  outgrowth  of  the  analysis  des- 
cribed in  the  OAMS  Phase  I report.  Modifications  are  made  to  reflect  our  deeper 
understanding,  based  upon  many  hours  of  experimentation  with  OAMS,  of  the  sys- 
tem operation  and  peculiarities.  The  Intent  is  not  to  replace  previous  deri- 
vations, but  to  update  the  models,  where  required,  in  order  to  bring  to  light 
a fuller  understanding  of  the  operating  features  of  OAMS. 

The  optical  model  development  starts  with  the  application  of  the  Mueller 
matrices  that  describe  the  behavior  of  polarized  and  unpolarized  light  irradi- 
ance  through  various  optical  elements  used  in  OAMS.  Of  course  the  OAMS  concept 
is  keyed  upon  the  premise  of  optical  paraxial  characteristics,  a key  require- 
ment in  OAMS  applications.  Using  a similar  approach,  but  under  a separate  sub- 
section, equations  relating  the  effects  of  Wollaston  prixm  nonorthogonality 
are  developed. 

Following  the  optical  model  development,  the  rationale  and  required  alge- 
bra are  developed  to  interlink  the  electrical  signal  equations  with  that  of 
the  optics  to  form  one  composite  mathematical  model.  Interpretation  of  the 
system  equations  is  presented  for  each  case.  The  model  is  not  general  since 
to  incorporate  every  feature  greatly  increases  the  complexity  of  an  already 
complex  model  and  muddles  our  perception  of  the  importance  of  that  one  key 
parameter  that  governs  a particular  aspect  of  OAMS  operation. 

5.1.1  Qptical/Electrical  Model  Development 

The  objective  of  OAMS  is  to  accurately  measure  (within  9 arc  seconds) 
the  relative  angular  movements  in  pitch,  roll  and  yaw,  over  a - 15  arc  minute 
range,  between  a transmitter  (XMTR)  and  a receiver  (RCVR)  separated  by  a ois- 
tance  of  15.2  m.  Signal  separation  enhancement  for  each  channel  is  attained 
by  assigning  each  channel  a particular  spectral  wave  length  and  electrical 
frequency.  The  unpolarized  light  source  for  each  channel  is  derived  from  two 
llght=*emltting - diodes  (LEDs^;one  called  Reference  (REF  LED)  and  the  other 
Control  (OONT  LED) . The  LEDs  are  chosen  to  emit  light  about  a center  spectral 
wavelength  of  about  810  nm  for  pitch,  935  nm  for  roll  and  850  nm  for  yaw.  The 
optical  bandwidth  (BW)  for  each  channel  is  further  modified  by  :,n  optical  fil- 
ter located  in  the  RCVR.  The  a.c.  light  intensity  for  each  channel  is  elec- 
trically modulated  at  925  hz  for  roll,  1850  hz  for  yaw  and  3700  hz  for  pitch. 
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The  equations,  describing  the  irradlance  at  the  two  detector  surfaces 
for  the  lateral  channels  (pitch  and  yaw)  will  be  derived  first.  Following 
the  derivation  of  the  roll  irradiance  equations,  tne  technique  for  coupling 
the  optical  and  electronics  into  one  composite  system  equation  will  be  pre- 
sented along  with  our  interpretations. 

S. 1.1.1  Lateral  Channels 

O^S  lateral  channel  optics  for  analysis  purposes  (Figure  5-1)  is 
divided  into  two  sections,  namely,  the  transmitter  and  receiver  optics. 

The  transmitter  optics  consist  of  two  LEDs,  Vfollaston  prism  (W),  quarter- 
v;ave  plate  (Q),  and  angle  sensing  crystal  (ASCj.).  Each  LED  is  electrically 
driven  by  a d.c.  and  a.c.  component.  The  composite  is  an  amplitude  modu- 
lated light  signal  with  the  REF  LED  a.c,  term  driven  180°  out-of-phase  from 
that  of  the  OOlfr  LED.  The  resulting  unpolarized  light,  from  each  LED,  is 
fed  thru  an  objejtivc  lens  (not  shown)  for  collimation  purposes.  The  trans- 
mitter Wollaston  prism  (Wx)  is  reversed  fed  whereby  the  constituent  LED 
light  is  imparted  along  the  prism's  e-ray  or  o-ray  path,  Wollaston  devia- 
tion angle  between  the  two  beams  is  determined  by  the  prism's  wedge  angle. 
(Note  that  REF  or  CONT  LEO  position  with  respect  to  e-  or  o-ray  path  is  of 
no  concern  since  the  0/\MS  angular  polarity  is  controlled  electronically  by 
the  synchronous  demodulator  (SYNCH  DEMCD)  circuitry). 

Light  output  from  Ur  consists  of  a usable  beam  with  one-half  of  the 
total  LED  irradiance,  and  the  rejected  beam  with  the  other  one-half  is  de- 
viated away  from  the  system's  central  axis.  The  quarter-wave  plate  con- 
verts the  usable  beam  into  a right-  or  left-handed  circular  beam.  It 
should  be  noted,  at  this  point,  that  the  beam  entering  Q consists  of  two 
components  - one  vertical  (OONT  LED)  and  the  other  horizontal  (REF  LED). 
Assignment  of  the  OONT  and  REF  LEDs  to  these  planes  for  analysis  purposes 
is  arbitrary  and  will  only  involve  a polarity  change  should  our  assumption 
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Figure  5-1,  Lateral  Axis  Optics  Schematic 

be  incorrect.  As  the  diverging  beams  traverse  ASCp,  the  circularly  polar- 
ized beame  become  elliptically  polarized,  the  degree  of  ellipticity  being 


a function  of  the  angle  of  the  beam  with  the  surface  of  ASC^.  ASCj^ 
is  reversed  in  orientation  (l.e.  backwards)  to  ASGj-  and  as  long  as  the 
two  ASCs  are  parallel,  the  ellipticity  introduced  by  ASGp  is  cancelled 
by  ASCr,  resulting  In  circularly  polarized  beams.  This  feature  permits 
lateral  translation  without  affecting  pitch  or  yaw  measurements.  The 
beam  enters  Wj^  in  the  forward  direction  and  the  resulting  output  consists 
of  two  beams,  one  horizontal  and  the  other  vertical,  that  are  sensed  by 
the  horizontal  and  vertical  detectors.  Following  Wr  an  optical  filter  is 
used  to  narrow  the  BW  to  32  nm  for  pitch  and  30  nm  for  yaw.  Also,  not 
shown  on  the  diagram  is  the  plano-convex  lens  that  focuses  the  beam  to 
the  detectors. 

Analysis  of  the  pitch  and  yaw  channels  is  identical  with  the  exception 
that  their  sensitive  axes  are  orthogonal.  The  sensitive  axis  for  pitch  at 
the  XMTR  is  vertical  while  for  yaw  it  is  (orthogonal  to  that  of  pitch) 
horizontal.  Employing  the  Muller  matrices  listed  in  Table  5-1  and  the  Stokes 
vectors  of  Table  5-2,  the  irradiance  at  the  transmitter  aperture  and  at  the 
detectors  is  shown  in  operator  form  by  Eq.  (5-1)  and  (5-2). 


ASGj.(a,0°)  Q(45°)  S(0°,90°) 
Wj^(0°.90°)  ASCj^(e  ,180°)  T(9p  J^. 


(5-1) 


(5-2) 


Wj^(0“,90”)  ASCj^(li  ,180°)  T(ej.)  ASCj.(a  ,0°)  Q(45  ) S(0°,90°) 


Equation  (5-2)  is  an  exceedingly  compact  description  of  incident  irradi- 
ance at  the  detector  surfaces  and  a few  clarifying  words  are  in  order.  When 
expanding  this  equation,  it  must  be  remembered  that  matrices  do  not  commute; 
therefore  they  must  be  applied  in  the  proper  order.  Other  keypoints  about  the 
equation  and  the  matrix/vector  elements  are: 

a.  Stoke  vector,  ^(0°,90°)  says  the  irradiance  output  from  is 
composed  of  two  orthogonal  beams,  one  at  zero  degrees  and  the 
other  at  90  degrees  (see  ref.  1 and  2) . In  all  cases  the  beams 
are  referenced  to  W^  and  are  always  orthogonal  (in  the  ideal 
case) . 

b.  The  quarter-wave  plate's  fast  axis  (FA)  was  positioned  at  + 45° 
rather  than  - 45°  from  the  zero  reference  axis.  This  is  an 
arbitrary  choice  for  OAMS  and  could  have  been  just  as  well  posi- 
tioned at  -45°  without  any  degradation  of  system  output. 

c.  ASG2<  and  ASC|^  must  be  positioned  in  a complementary  mode  in 
order  for  the  incident  angles  to  subtract. 

d.  The  operator  T(ej.)  represents  the  roll  geometrical  relationship 
between  the  Poincare'  sphere  (see  ref.  2)  and  the  Stokes  vector.  It 
represents  the  effect  of  the  system  roll  on  the  polarization  state  of 
the  beam  and  cun  be  represented  by  a matrix  very  much  like  those  used 
in  the  rotation  of  coordinate  systems  (right-handedness  for  this 
case)  in  cartesian  geometry. 


Tiiblc  5-1.  Mueller  Matrices 


Linear  Optical  Elements 
and  Operator  Notations 


',A)lla8ton  prism 


W (0O,90°) 
K 


( + — ► 0°) 
( ¥ 90°) 


Angle  Sensing  Crystal 

ASCjj(B  ,1800) 


ASC^(  a.OO) 


Quarter-wave  plate 
Q(450) 


Q(-45°) 


Roll  rotation  transformation 


1(9^) 


Generjal  linear  polarizer 


Mueller  Matrices 


P(C) 


0 0 


T.ible  5-2.  Stokos  Vectors 


c,  Sincf'  s(0°,  90”)  is  a column  vector  the  resulting  composition  of 
Jj  is  also  a column  vector.  The  first  tenn  (first  row)  of  the 
resulting  cobimn  vector  is  the  incident  irradiance  and  the  other 
terms  describe  the  polarization  state  of  the  beam. 

Substitution  of  the  appropriat*  matrices  for  the  operators  shown  in 
Eq.  (5-2)  and  performing  the  indicaied  multiplication,  the  following  Irra- 
diance equation  is  derived: 


= i!  S J + (*)''  J(C|,„  C|,g)  ) 


(5-3«) 


Please  note  that  the  terms  C and  S are  short  hand  notation  for  cosine 
and  sine,  respectively.  Substitution  of  the  trigonometric  identity 


into  Eq.  (5-3a)  yields, 

Assumption  No.  1 - 

The  third  term  in  Eq.  (5-3b)  is  much  smaller  than  the  second 
term.  This  is  particularly  true  for  9j.'s  of  1800  arc  second 
or  less,  plus  the  product  of  will  further  diminish  the 

third  term. 

Therefore,  the  irradiance  at  the  horizontal  and  vertical  detector  surfaces 


■'di,  ■ 


<5-4a) 


•’dv  - * ‘■'Sk(„.6)> 


(5-4b) 


Assumption  No,  2 - 

Lateral  and  roll  channel  optics  arc  cssumed  ideal;  detectors  are 
aligned  properly. 

5. 1.1.2  Roll  Channel 

OAMS  roll  channel  optics  for  analysis  purposes  is  shown  in  Figure  5-2. 
In  a similar  way  as  that  of  the  lateral  channels,  the  objective  lens  at 
the  XKTR  and  RCVR  focusing  lens  are  not  shown. 

Unlike  the  lateral  channels  the  Wollaston  prism  Wj.  is  rotated  + 45° 
and  the  polarization  planes  ere  thus  positioned  as  illustrated.  The  Stokes 
vector  representation  for  two  planes  Is  defined  in  Tabic  5-2. 
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The  iri'adiancc  at  the  detector  surface  is  shown  in  operator  form  by 
Eq.  (5-5).  Substituting  the  appropriate  matrices  in  Eq.  (5-5)  and  perform- 
ing the  'indicated  multiplication  yields  Eq.  (5-6). 


= Wj^(0,90O)T(e^)S(t  45°) 


' REF  LED 


CONT  LED 


FRONT  VIEW 
LOOKING  AT  XMTR 

i -i-  H-  H 


(5-5) 


1 

1 

H-DET.  1 
- 1 

1 

U| 

1 

' 

^ e-ray  ' 

1 

1 \/ 

1 

; 

! Wr 

FLT  ' 

V-DET.  : 

Figure  5-2.  Roll  Axis  Optics  Schematic 


(5-6) 


The  resulting  icradiance  at  the  horizontal  and  vertical  detector 
surfaces  are: 

Jdh  ' i(  - 4J  ) (5-7a) 

r 

Jjv=  J'-  I + AJ  S^g  ) (5-7b) 

Equations  (5-4)  and  (5-7)  are  similar  with  the  exception  of  the  rota- 
tional angles.  If  we  substitute  0 for  ( o-Ji  ) and  8^  and  letting  k » 2 in 
the  roll  equations,  a standard  irradiancc  equation  for  the  lateral  end 
roll  channels  is  established.  Therefore,  succeeding  analysis  can  be  per- 
formed with  this  generalization  In  mind. 

5. 1.1. 3 Coupling  of  Optics  and  Electronics 

With  the  development  of  the  irradiancc  equations  we  can  now  commence 
with  the  detailed  portion  of  the  analysis.  The  next  stet  is  to  expand 
SUM  J and  DELTA  J terms  of  the  Stokes  vector,  which  are  functions  of  LED 
intensLcles,  In  » manner  that  will  include  all  pertinent  elcctricel  para- 
■eters.  Once  this  is  accomplished,  these  terms  are  substituted  into  the 


horizontal  and  vertical  detector  irradiance  equations  where  grouping  of  the 
a.c,  and  d.c.  components  occur.  The  irradiance  terms  are  then  converted  tc 
electrical  terminology  whereby  the  OAMS  electronic  processing  techniques 
are  introduced  and  a composite  set  of  system  equations  emerges. 


J - Jf:  + Jg 


•'r  - ‘'c 


(5-8) 

(5-9) 


Note  that  Eq.  (5-9)  implies  the  LED  preferential  plane,  that  is,  vertical  . 
and  horizontal  for  the  lateral  channels  or  - A5°  for  the  roll  channel. 


REF  and  COWT  LED  electrical  drive  signals  are  defined  as: 
" ^r  " a»t-  a j.) 


(5-10) 


^c  ^ ^c^(<o  t-  or^) 


(5-11) 


To  convert  these  current  terras  to  irradiance  requires  our  multiplying  . 
Eq.  (5-10)  and  (5-11)  by  a suitable  nonlinear  conversion  factor.  A linear 
approximation  will  be  used  to  account  for  LED  efficiency  and  intensity  lost 
of  the  beam  during  transit  through  the  various  optical  elements  and  space. 
Therefore,  Jq  and  Jg  will  be  approximated  by 

a,)) 

Jr  » bfdr  - ir  cr^)) 


(5-12) 

(5-13) 


The  current-to-optical  intensity  characteristic  of  the  LED  is  nonlinear 
and  due  to  ne  nonlinearity  hannonlc  terms  are  present  in  the  04M3  processing 
circuitry.  Spectral  measuremenus  were  recorded  in  the  pitch  channel  (Brass- 
board  Mo.  2)  and  the  data  indlcatzd  the  presence  of  both  higher  and  Jower  har- 
monic tetns.  The  even  harmonic  terms  are  filtered  out  by  the  SYNC  DEKOD  cir- 
cuit while  a small  d.c.  signal  proportional  to  the  odd  harmonic  terms  are  al- 
lowed ’’brough,  but  their  magnitudes  were  measured  to  be  constant  over  the  ambi- 
ent 0 37.8°C  (100®F)  temperature.  The  d.c,  intensity  terms  due  to  these  fre- 
quencies cannot  be  removed  and  are  an  integral  part  of  the  total  d.c.  light 
level  intensities.^  He  do  know  that  the  composite  d.c.  term  constitutes  a small 
per  cent  of  the  total  light  intensity  and  since  it  is  relatively  constant,  its 
effect  on  OAKS  is  Kinimal.  This  rationale  will  be  made  clearer  later  in  the 
analysis*  Also*  laboratory  tests  indicate  that  normal  room  lighting  (floures- 
V .nt  derivative)  has  no  noticeable  effect®  OittiS  system  output.  However,  an 
incandescent  light  will  have  an  effect  since  a certain  proportion  of  this 
light  has  spectral  wavelength  within  that  of  an  OAKS  filter  bandwidth.  This  form 
of  background  lighting  would  introduce  a d.c.  term  in  the  processing  circuitry 
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and  thus  cause  scaling  errors  tn  the  angular  measurement.  O^S  operation 
in  such  an  euvlronment  »..uld  of  course  require  ijome  form  of  shading  and 
baffle  apparatus  to  prevent  direct  lighting  of  the  RCVR  apertures.  In 
the  interest  of  simplification  in  the  derivation  we  shall  ignore  this  d.c. 
term  and  in  the  final  equation  introduce  a term  at  the  appropriate  point 
that  will  account  for  its  effect. 

Assumption  No.  3 - 

Even  harmonic  terms  are  eliminated  by  the  SYNC  DEMOD 
circuitry. 

Substitution  cf  Eqs.  (5-12)  and  (5-13)  into  (5-8)  and  (5-9)  yields. 


I J 


>clc  + b,  I,  4 b^ 


AJ 


br^r 


be  ^c  "^bj.  i-y  ^(ojt-ap'*'  bc^c^(tut-a^)^ 


(5-15) 


Plugging  in  Eqs.  (5-lA)  and  (5-15)  into  the  horisontal  and  vertical 
detector  irradiance  equation  and  letting  kO  be  the  angle  of  the  sine  term 
the  following  set  of  Irradiance  equations  are  derived; 


J^h  - A+  - A"  - a-  4 a+S^g) 

J,  » A+4  A"  - 3*  - a*\.) 
dv  k9 


where 


be  ^c 

Vr'  1 b^) 

be  ^c 

b,.I^(  1 - S^g 


4 

a 


a" 


bc^c 

br^r^  S(ojL-Oj.)~ 


(5-16) 

(5-17) 


Please  note  that  the  "A”  tern*  correspond  to  d.c.  intetkclty  while  "s'*  terms  are 
for  a.c.  Intensity.  A key  point  to  notice  here  (not  obvious  until  the  later 
stages  of  OAKS  devclopsieat)  is  that  both  REP  antd  COKT  LED  drive  signals  are 
phase  shifted  and  that  the  terms  a'*'  and  a*  are  the  result  of  a linear  superposi- 
tion of  two  waves  of  sotssvhst  different  anplitudes.  To  expand  the  sine  terms  by  an 
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iilontity  wiihout  fC}*rouping  terms  would  introduce  cosine  terms  that  would 
i.iter  muddle  <jur  i nterpvetat  ton.  Instead  we  shall  reformulate  a"^  and  a“ 
Into  a composite  wave  of  the  same  frequency  as  the  constituents  although 
its  amplitude  and  phase  arc  different.  Ufing  the  required  trigonometric 
identities  in  a'*'  and  a“ , grouping  sine  and  cosine  tenns,  and  then  finding 
the  resultant  and  total  phaso,  the  following  equations  were  derived; 

(5-18# 

(5- 18b) 


sin  (lot  + 0^) 

(1  + u^ 

+ 2 u cos  (a^.-Uy)) 

usinu^  ^ sinUj.\ 

ucosi.  + cosa  / 
c r/ 

a"  = bj.i^aj^sin(iut  + 

aj  = (1  + u^-2  u cos  (Uj.-Uj.))'* 

_i  / u sina„  - sinev'. 

0"  * tan  ^1 

I u cosa  - cosa  j 

where  u«bj.l^/bj.ij.  > 1. 


(5- 18c) 

(5-19a) 

(5-19b) 

(5-19c) 


It  is  important  at  this  point  to  observe  that  u is  the  ratio  of  the 
COHX  LED  intensity  (as  seen  by  the  detector)  relative  to  that  of  the  REF 
LEO.  These  intensities  are  not  e^tactly  equal  (reason  for  this  will  be  ex* 
plained  later)  thus  l^and  0~  are  not  only  functions  of  phase  shifts  but 
are  also  functions  of  LED  intensities.  In  addition,  we  know  from  measure- 
oenta  made  on  OAMS  and  on  specific  electrical  components  that  neither 
nor  Of  are  zero  and  chat  > oj-.  Th.it  >ar  is  generally  true,  but  can- 
not be  assured  in  all  cases.  It  will  be  ttuovn  later  Chat  the  terms  of 
Eq.  (5-18)  are  associated  with  the  forward  path  of  the  processing  branch 
while  the  terms  of  Eq.  (5-19)  are  associated  with  the  LED  control  loop. 

Of  particular  Interest  here  is  a^  which  is  the  term  used  to  describe  LED 
balancing  and  0”  the  phase  angle  associated  with  the  control  loop.  Examin- 
ation of  0”  indicates  that  It  is  very  sensitive  to  changes  in  u,  and  a^.. 
Also,  with  u >cosar/co8C^  a phase  leg  condition  will  be  maintained  by  0" 
(more  on  this  subject  - later) . 

With  the  irradiance  equation  in  the  format  described  we  can  now  mul- 
tiply each  equation  by  a rusponsivity  tew#  to  convert  irradiance  to  elec- 
trical current  as  shown  in  the  generalized  block  diagram  of  Fig.  (5-3), 


Figure  5-3.  CAMS  Analysis  Block 
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i - J 
“■dv  4 

- (A"^  + A“  - a"  - a"*"  Sj^g) 

The  differential  output  can  be  obtained  by  performing  the  indicated  oper- 
ation according  to  Fig.  (.)-3). 

®d  ■ 

®H  * ^:h  ^dh 
®V  “ \v  ^dv 

®d  * idh  “ ^rv  idv)  (5-22) 


Substituting  i^^^  and  i^^  into  Eq.  (5-22)  and  dropping  the  d.c.  terms, 
since  they  are  blocked  by  the  capacitors,  the  following  expression 
for  the  differential  output  results. 


ed 


■ ^d\h^sh 


- 1\ 

(V^h^sh  f 


•(S*' 


j ^0  I 


(5-J  > 


Using  a similar  rationale  for  derivation  of  the  sum  expression  the  fol- 
lowing group  of  equations  result. 


®S  * ^s(®H  + ®v) 

®S  “ ^s(^h  ^dh  ^rv  ^dv)  * '^s  ■*"  ®c 


V 


8 


^s^h^sh  / ^v^sv 
^ ^ ^h*^sh 


e 

c 


^s\h^8h 


*k0 


/ ^V^SV 

\ ^:h*^8h 


The  first  term  in  Vg  is  much  smaller  than  the  second  term  since  the  result 
involves  the  product  of  the  difference  of  two  terms.  The  S|^q  in  tT  further 
diminishes  this  product  for  small,  angles.  A similar  rationale  applies 
for  the  first  tern  in  e . Therefore,  these  two  equations  sit^lify  to  the 
approximations  listed  here. 


..  ^^sArh^sh 
Z 


V^rh^sh 


A+ 
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(>  ^ ^*s Vh^sh  I ^v^sv  \ - 

^ \\h^h  j" 

Assumption  No.  4 - 

Phase  angle  shifts  by  the  horizontal  and  vertical  detector  pre- 
amp circuitry  are  approximately  the  same.  Proof  verified 
later. 

Modifying  a"  to  account  for  the  detector/pre-amp  circuit  phase  shift 
and  substituting  into  e^.  yields  the  following; 


. .V  ^s^h^^sh  / ^V^SV  .Ai.  1 -1  ^ a \ 

‘c  * —4 


(5-24) 


where 


0g  ■ 0"  - c. 

Returning  to  Fig.  (5-3)  we  can  now  calculate 


c « G -S 
o X V 


A R 
. rv  sv 


] \ \h^8h 


■¥ . . 


+ “T  S, 
A+  ^ 


Cq  • Rnr 


/ ^£21  +iV 

\ ^rh*^sh  / 


(5-25) 


where 


(REF  LED  modulation  index) 


8p  • 0 - e 

®d°x 


end  K ■ ■ ■ ■ (To  be  used  only  if  the  coefficient  of  > at 

^s”f  detector  output  is  Mssured  in  volts).  P 
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Note  that  9^.  and  0p  are  the  amount  of  lagging  phase  shift  required 
to  properly  synchronize  the  demodulator  circuit.  In  order  to  account  for 
background  lighting  and  harmonic  components  in  the  d.c.  sum,  Eq.  (5-25) 
can  be  modified  to  yield  the  more  general  form  shown  in  Eq.  (5-26)  and 
(5-27). 


K m. 


\ ^rh^sh 

I'l 

V^n^n 

V 

+ 3oSkeS(wt4«p) 


V ^ ^s^rh^sh  / \ + _LL  \ b I 

^ ^ \ ^rh^sh  ) \ ‘’r^r  ‘’r^r  / ^ 


(5-26) 


(5-27) 


Eqs.  (5-24),  (5-26)  and  (5-27)  are  the  basic  equations  describing  the  OAMS 
system  with  both  the  CONT  and  MF  LED  on.  With  the  REF  LED  on  and  COOT  LED  off 
Eqs.  (5-28,  (5-29)  and  (5-30)  describe  the  system  equations. 


K m 


1 


•S  ^’s^rh^sh 


^rv^sv 

\h^sh 

\h^8h 

^rh^sh 


-1 


+ sin  kO 


+1 


sin  (wt-  Oj.  -e  ) (5-28) 


^sWsh  / ^rv^ 
4 


(5-29) 


(5-30) 


System  equation  description  is  Incomplete  without  some  mathematical 
description  of  the  SYKC  I«M0D  function.  Briefly,  the  SYNC  DEMOD  consist 
of  a gating  circuit,  a differential  amplifier  circuit  and  a 10  hz  filter 
(sec  Fig.  (5-4)).  The  signal 


SYNC  DEMOD 


Figure  5-4.  SYNC  DEMOD  Block  Diagram 


A 


a 
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eg(t)  Is  a periodic  square  wave  synchronized  with  the  chann(2l  frequency 
and  phase  shifted  by  0(.  or  0p.  Once  the  phase  of  eg(t)  is  synchronized 
with  eo(t)  the  SYNC  DEMOD  output,  Vq  is  proportional  to  the  reference 
frequency  amplitude  and  almost  completely  insensitive  to  its  harmonics. 
What  we  want  to  explore  here  are  the  conditions  where  errors  can  be  in- 
troduced due  to  harmonics  and  subsequent  phase  shift  changes  in  eQ(t)  or 
ec(t).  The  output  gating  process  along  with  the  differential  action  is 
equivalent  to  multiplying  the  signal  eo(t)  or  ec(t)  by  a square  wave  whosd 
amplitude  varies  between  +1  and  -1,  respectively.  To  hat  end  we  can  rep- 
resent eg(t)  by  the  Fourier  series  shown  in  Eq.  (5-31)  and  eQ(t)  by  Eq. 
(5-32).  In  Eq.  (5-32)  we  are  assuming  that  the  first  tSio  in  Eq.  (5-26) 
is  negligible  (this  reasoning  will  be  discussed  later). 


TT 


sin  3wt  . sin  5wt  . 

- + ^ + ...) 


(5-31) 


®o^^)  ” 5-  ‘\i  (5-32) 

n=l 

Multiplying  Eqs.  (5-31)  and  (5-' 2)  and  performing  the  required  trigo- 
nometric functions,  the  following  result  is  obtained; 


(5-33) 


I y (cos(n-l)ut-cos(n+l)a)td  •j(co8(n-3)ut-co3(n+3)a)t) 
n»l 


+ •“  (cos(n-5)(Dt  - cos(n+5)u)t)  + ...) 


The  10  hz  filter  attenuates  all  frequency  components  in  Eq.  (5-33)  accord- 
ing to  the  formula  shown  in  Eq.  (5-34). 


\ 1°810  2 


(5-34) 


Expansion  of  Eq.  (.‘»-33)  and  applying  the  condition  described  by  (5-34)  will 
result  in  the  follotfing  output  for 

Vq  - - (Aj  +~  +~  ■{•  ...)  (5-35) 

X J 5 

If  c^(t)  was  phase  shifted  by  an  angle  as  shown  in  Eq.  (5-36)  and 
following  the  sane  procedure  described  in  deriving  Eq.  (5-33)  the  errors 
introduced  are  shown  in  Eq.  (5-37). 


''o(l  ) - 


•si  n (n/iit. -ij() 


(5-36) 


n-l 

~ cos  (j.  (5-37) 

11  ‘’o(*)  t’ont.iiiis  cosine  terms  their  contributions  to  V©  are  zero.  If 
Llu’  cosine  teniis  ore  ph.iso  sl\iftcd  by  i// , output  will  contain  the  terms 

sliown  In  Eq.  (5-38). 


ej,(t)  = X ll^^cos(nwt- 'j»  ) 
n=l 


2 ^ 'b  ’^5  \ 

^o  7 ( 'h  + "T  ^5-38) 

5.1  .1.6  Equation  Interpretations 

Now  that  tlic  OAMS  system  equations  are  derived,  our  task  now  is  to 
interpret  the  meaning  of  the  coefficients  as  applied  to  0^3  applications. 
Beginning  with  the  system  output  Eq.  (5"26),  the  first  term  represents  an 
offset  error  that  is  a function  of  LED  intensity  balance  factor  and  irra- 
diance/detector/pre-amp  balance  factor.  Note  that  per  unit  method  of  ex- 
pressing one  element  function  relative  to  another  was  used  since  It  Is 
easier  to  make  comparisons  on  a percentage  basis.  LED  balance  Is  achieved 
by  the  CONT  LED  control  loop  (see  Subsection  5.2)  whose  purpose  is  to 
maintain  LED  intensities  in  balance  such  that  a^  (Eq.  5-19b)  approaches 
zero  under  Ideal  conditions.  Because  of  the  technique  required  to  drive 
the  CONT  LED  this  error  can  only  be  maintained  to  within  one  per  cent. 

The  offset  term  is  further  diminished  by  the  irradlance /detector/pre- amp 
factor,  ! ApyRgv  \ . By  careful  selection  or  pairing  of  the  RCA-C30852 
( g ” / detectors,  detectors  with  reaponslvlty  (Rgy  and 

' ' Rgj^)  differences  of  two  per  cent  or  less  can  be 

obtained.  However,  to  account  for  pre  amp  circuit  difference  and  Irradl- 
ance  difference  at  the  detector  surfaces  the  close-loop  transresistance 
of  one  pre  amp  circuit  is  varied.  Tranareslstance  adjustment  technique 
can  best  be  understood  if  we  momentarily  refer  to  Eq.  (5-28) . With  slnkO 
eqiial  zero  the  offset  term  Is  the  only  remaining  term,  thus  one  can  adjust 
the  transresistance  until  system  output  approaches  a small  value.  Once 
this  balance  is  accomplished,  the  offset  term  of  Eq.  (5-26)  is  greatly 
diminished  by  the  product  of  and  the  Irradience/detector/pre-amp  factor. 
However,  balancing  error  due  to  phase  differences  as  that  described  by  Eq. 
(5-37)  may  exist  since  flp  i*  ny  + c.  These  errors  are  kept  small  since  the 
relative  difference  between  the  angles  la  small. 

The  second  term  In  Eq.  (5-26)  Is  of  course  the  one  that  yields  the 
angular  Information  desired  from  OAMS.  For  small  angles  the  sin  fts  kO 
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r.Kli;ins  .iml  is  sc.ilc  fnctor  mcdlflcd  by  .'i^  divided  by  the  denominator  of 
tin-  ('(ni.illon.  Under  ideal  conditions  tlic  cosine  term  In  Eq.  (5-l8b)  Is 
equal  to  two.  Since  phase  angles  exist  the  scale  factor  is  a function  of 
till!  dltlerence  between  and  ix^..  The  requirements  stipulated  by  dic- 
tates tliat  phase  angle  changes  must  be  small  in  order  to  prevent  scale  fac- 
tor changes  over  the  required  angular  range,  (This  problem  was  very  real 
at  one  stage  of  0/^S  flrassboard  No.  1 design).  As  shown  In  Eq.  (5-18c) 
is  not  sensitive  to  reasonable  changes  In  exp  and  u,  thus  scale  fac- 
tor errors  of  tlic  form  described  by  Eq.  (5-36)  and  (5-38)  arc  minimized. 
SYNC  DEMOI)  phase  adjustments  should  be  performed  with  both  LED  at  several 
angular  positions  beginning  vjith  l.irge  angles  down  to  small  angles  while 
simultaneously  monitoring  phase  shifts.  The  term  Ij,  found  in  the  system 
and  sum  equations  was  included  to  account  for  the  d.c.  light  introduced 
by  harmonics  and  background  illuminations.  The  harmonic  terms  are  an  in- 
tegral portion  of  the  sum  voltage  and  will  contribute  to  scale  factor 
changes.  Fortunately,  the  a.c.  harmonics  were  measured  and  they  are  rela- 
tively constant  with  respect  to  time,  therefore  one  could  safely  assume 
that  the  d.c.  terms  constitute  a steady  state  condition  and  their  effects 
cancelled  out  when  the  system  Is  scale  factor  adjusted. 

The  control  LED  signal,  Eq.  (5-2A),  shows  that  the  controlling  factor 
Is  3]^.  In  a,  the  term  2u  is  diminished  by  the  cosine  term  and  thus  indi- 
cates that  the  balancing  effort  must  accommodate  for  phase  angle  differ- 
ence between  the  phases  generated  in  the  CONT  LED  and  REF  LED  drive  cir- 
cuits. Also,  since  0"  is  sensitive  to  a^.  and  u synchronization  of 
ec(t)  with  the  SYNC  DEMOD  periodic  square  wave  must  be  made  with  both  LED 
(compare  phases  shown  in  Eq.  (5-2A)  and  (5-30)),  Any  change  In  phase 
after  SYNC  DEMOD  adjustment  will  affect  the  signal  according  to  Eq.  (5-37) 
and  will  there- <^ore  Increase  the  LED  balance  errors.  This  phase  shift 
.-.long  with  the  odd  harmonics  (Eq.  5-37)  will  hinder  LED  balance  since  the 
control  voltage  magnitude  must  account  for  these  errors. 

Irradiancc/detcctor/pre-nmp  balance  can  be  calculated  by  setting  6 
to  zero  and  solving  for  the  ratio  Aj-yRsv/ArhEsh • Eq.  (5-39)  enables  this 
calculation  (note  that  Vf,  is  expressed  in  mv) , 


A 


A 


rv^sv 

rh’^sh 


V„  1 + 


brir 


I 

+ Kmj.  I 


- Knij. 


(5-39) 


In  order  to  compute  the  multiplying  factor  K,  the  angular  gain  factor  k 
for  the  pitch  and  yaw  channels  must  be  found  using  Eq,  (5-AO)  (see  Ref. 

3,  p.  -!i8A), 

k - 180°  g/\  (5-40) 

where  g ■ O.OOSAt  for  a quartz  ASC(t  equals  crystal  thickness). 

The  multiplying  factor  K is  computed  according  to  Eq,  (5-41),  See  Table 
5-3  for  values  of  k and  K.  Note  that  the  effects  of  sin  kO  can  be 
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lincnrized  by  multiplying  K by  (k0  rad)/sin  k0.  Kor  example  at  900  arc. 
sec.  the  sink0  introduces  a scale  factor  error  of  1.2  per  cent.  Table  5-4 


V / _LS2!i  \ /3b00  arc  sec  \ / 1 \ 
" V ■ rad  / \ 1.0  deg  M k / 


(5-41) 


Table  5-3.  Angular  Galil  Factors 


! Channel 


Pitch 


U65.6  ^ 


3321.5 

rad 


lists  irradiaiice/dctcctor/pre-amp  unbalance  on  a percentage  basis  for  sys* 
cem  outputs  o».'  100  and  1000  mv/arc  sec.  Background  illumination  and  har- 
monic contents  were  assuiied  to  be  5 per  cent  in  calculation  of  these  per- 
centages. 


Table  5-4.  Irradiance/Detector/Pre- Amp  Unbalance 


Note  that  the  roll  channel  system  output  voltage  is  about  30  times  more 
sensitive  to  unbalance  changes.  Physically  this  means  that  a higher 
differential  gain  Gd  (see  Fig.  S-S)  is  required  and  this  naturally  ampli- 
fies any  electrical  noise  generated  in  the  detector/prc-anp  circuit. 

Also,  according  to  RCA,  the  detector  (hermetically  sealed  unit)  relative 
responsivity  changes  will  be  less  than  0.25  per  cent  over  ambient  to 
37,8^C  temperature  range.  Therefore,  any  unbalance  in  the  order  oi  1000 
mv/arc  sec  are  lot  detector  derivative. 
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'figure  5-5.  Brassboard  No.  2 Gains 


The  ratio  u,  which  expresses  the  amount  of  a.c.  LED  unbalance,  is 
computed  by  Eq.  (5-A2). 


u 


1 + 


/ a(V,  * . /(V,  * 

^ CA  / \ ZCf 


(5-42) 


Typical  values  for  u,  along  with  parameters  required  to  calculate,  are 
shown  in  Table  5-5  and  5-6.  The  modulation  indices  were  chosen  to  avoid 
driving  the  LED  current  below  10  ma  where  the  nonlinear  characteristics 
ere  worst , 
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Table  5-6. 

LED  Modulation  Indices 
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1 
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Yaw  j 
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1 0.877 

f 

i 

1 

Roll  j 

1 

0.878 

1 0.886 
1 

i 

- J 

\ The  phase  angles  0p  and  0^,  can  be  approximately  calculated  by  the 

use  of  Eq,  (5-43),  which  relates  the  phase  angles  in  each  op- amp  circuit 
(except  for  the  dctector/pre  amp  (see  Subseccion  5.3)),  and  a 436B  divider 
phase  shift  tabulation  shown  in  Table  5-7.  The  phase  angles  in  Table 
5-7  were  measured  and  arc  essentially  constant  from  ambient  tc  37,8Pc. 


Table  5-7.  436  B Divider  Phase  Shift 
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0.,  =■  arc  Lan  (-f/fpAjj«) 


(5-43) 


The  divider  operation  is  described  by  the  ideal  equation  where 


V = 10  V /V  = C.  \} 

y x X z 


It  was  found  during  laboratory  testing  of  OAMS,  that  the  436i>  dividers 
supply  voltage  must  be  15  VDC  since  higher  wltages,  3ay  16  ’'DC,  will 
cause  errors  in  the  modulation  indices. 

With  the  results  of  Table  5-5  and  5-7,  plus  the  sum  of  all  the 
appropriate  0a's,  0",  0‘*'  and  c (see  Subsection  5.3),  the  resulting  calcu* 
lations  of  phase  angles  are  shown  in  Table  5-8.  The  phase  angle  calcula- 
tions were  based  upon  typical  component  characteristics.  Very  little 
correlation  can  be  made  between  the  calculated  and  actual  values  (deter- 
mined by  use  of  the  phase  shift  network  values  found  on  Board  No.  5). 
Because  Qq  contains  0"  it  is  easy  to  see  where  the  differences  exist 
since  0“  is  very  sensitive  to  a ^ and  magnitudes  as  demons  rated  in  the 
pitch  channel  case.  The  cause  of  the  8p  difference  from  actual  is  not 
obvious,  especially  in  the  roll  channel,  and  suggest  an  atypical  phase 
shift  of  a component  may  be  the  cause. 

5.1.2  Wollaston  Prism  Nonorthogonality 

In  the  course  of  OAMS  Brassboard  No.  1 developroent/modificjtions 
many  hours  were  spent  discussing  and  studying  Wollaston  prism  nonortho- 
gonality. Laboratory  measurements  and  observations  were  made  to  ct'nfirm 
that  it  existed  and  its  effect  on  OAMS  system  output.  The  resulting  out- 
come of  this  effort  is:  1)  Wollaston  prism  polarization  planes  for  roll 

Brassboard  No.  1 are  nonorthogonal  by  about  i 1®,  2)  the  manufacturer 

cannot  guarantee  Wollaston  prisms  with  better  plane  accuracy,  3)  the 
effects  are  noticeable  only  in  the  roll  channel  and  4)  the  effect  on  roll 
can  be  minimized  by  careful  pairing  of  the  prian  or  in  some  cases  rotation 
of  the  prism  by  90°.  Lack  of  a uniform  image  pattern  of  the  light  seen 
by  the  detector  and  the  questionable  techniques  used  in  differentiating 
the  effects  on  OAMS  necessitate  chat  an  analysis  be  performed  in  order  to 
gain  some  perception  into  the  problem.  The  approach  taken  hrra  will  be 
similar  to  that  of  Subsection  5.1.1  where  the  lateral  channels  will  be 
considered  first  followed  by  roll.  The  objective  will  be  to  derive  Irra- 
diance  expressions  similar  to  that  of  £q.  (5-4)  and  Cake  advantage  of 
previous  development,  were  applicable,  in  reaching  a conclusion. 

5 . 1 . 2 . 1 Lateral  Channels  Nonorthogonality 

The  output  of  a nonorthogonal  Wollaston  prism,  say  Ut<,  being  reversed 
fed  by  the  REF  and  COOT  LED,  can  be  derived  with  the  use  of  the  Mueller 
matrix  P(5)  and  Stokes  vectors  and  ^(f.r,Cc)  shown  in  Tables  5-1  and  5-2. 
Each  polarization  plane  of  Che  Wollaston  prism  is  analogous  to  a general 
linear  polnrlzcr.  The  development  of  the  Stokes  vector  "5 » using 
operator  notation,  begins  with  Eq.  (5-44). 
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Tabl«  S-8.  Phase  Angles  OAIS  Advanced  Brassboard 


S(f.r»«;c)  - P(Cr)  Sr  + ?(£.>  S^ 


:5-44) 


where 


* r c 

Ideally  ij,  • CP  and  ® 90°;  however,  for  the  nonideal  case  we  can 
let  tc  • 90°“  4j..  In  this  case  Cr  is  a small  angle  causing  the  non- 
orthogonality. Substituting  this  identity  into  AJ  and  AJ  will  convert 
these  intensities  as  a function  of  angle  ^r  vhere, 

AJ  - (Jjj  - J(.) 

■ <•'»  - ^c)  ^2t, 


Correctness  of  this  derivation  can  be  quickly  verified  by  letting  K ^"0° 
and  the  Stokes  vector  is  similar  to  S (0°,  90®).  The  irradiance  at  the 
XMTR  aperture  and  at  the  detector  surfaces  is  defined  in  operator  form 
by  Eqs.  (5-45),  (5-46)  and  (5-47). 


Jt  - ASOr(  a,0°)Q(45®)  H ^r,  Cc) 

•^dh  “ .180°)T(ej.)  Jj. 

Jdv  “ v)ASCR)<B.180°)T(®r)  -^t 


(5-45) 


(5-46) 


(5-47) 


Substituting  the  appropriate  matrices  in  J^,  Jgh  and  Jjv  and  performing 
the  required  matrix  multiplication  gives  us  the  general  Irradiance  at 
the  detector  surfaces. 


Jjh  • i ) - 4J((S, 


k(a-B)  ' ®ko  Sb 


®ka®20j.®25  ^ ^'^^^29/2^ 


Jdv  - M 


AJ((Sk(o-g)  - 


^®28y®2||j^  **■  ®20j.^p^2{h ^ I 
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The  trigonometric  identities 


Sic(a-B)  “ 
and  W * 

were  used  in  the  expansion  of  tiiese  equations.  Applying  Assumptions  No.  1 
and  5,  plus  noting  that  AJ  Is  a function  of  sin  H.r»  the 

Assumption  No.  5 - 

The  deviation  from  orthogonality  is  no  greater  than  one 
degree;  therefore,  the  worst  case  angle  for 
is  one  degree. 

irradiance  equations  simplify  to  the  form  shotan  in  Eq.  (5-48). 


i EJ+dd 


(5-48b) 


Equation  (5-48)  is  similar  to  that  cf  Eq,  (5-4)  except  that  the  second 
cerm  contains  cos  2 5».«  Therefore,  the  second  tern  of  the  system  output, 
Eq.  (5-26),  is  modified  by  the  product  of  ens  25^,*  Thus,  the  lateral 
channel  output  is  only  sensitive  to  the  nonorthogonality  of  the  RCVR 
Nbllaston  prism  and  its  effect  woul<l  be  a small  const ant- scale- factor 
error  that  is  compensated  by  differential  gain  G,;. 

5. 1.2. 2 Roll  Channel  Nonorthogonall.ty 

Analytical  approach  for  the  ro;.l  channel  will  be  somewhat  similar 
to  that  taken  for  the  lateral  channuls.  The  tents  AJ  and  AJ  of 
^(6  t different  and  thuir  location  in  the  Stokes  vector  are 

interchanged  (see  Table  5-2). 

“ ■ '•’r  - V 


■ V St 


t.  ■ - 90” 

Application  of  Assumption  Ho.  5 will  thus  define  C j ■ 45°  t 1°.  Letting 
5 ^ • 45i°  would  yield  '5(1  45”)  listed  in  Tsble  5-2.  The  irradiance  at 
the  detector  surface  in  operator  notation  is  defined  by  Eq.  (5-49). 


(5-49a) 

'c> 

(5-49b) 

5-31) 

t* 


— f- 


>(• 


where 


^ v“  ^h- 


Substitution  of  the  required  matrices  in  Eq.  (5-49),  performing  the 
specified  expansion,  and  grouping  of  terms  yield  the  following  irra- 
diance  equations. 

i ( u + AJ  + AJC2(^^.  ej)  (5-50a) 


^dv  “ ^ ^ ^2(6 ^-Kh) 


h r' 


- AJC 


2(0^  + Ch) 


) (5- 50b) 


and  the  trigonometric  identities 

^2Gr  ' 


^201  ‘ ^2{r®2er 


where  used. 

Inserting  the  AJ  and  AJ  into  and  yields  Eq.  (5-51). 
•^dh  “ + AJ  C2(9^^j^)) 


^dv  “ S(0^4i,p> 


(5- 51a) 
(5-5lb) 


where 


»1  • 'r- 


»2- 


Using  Eqs.  (5-14)  and  (5-15),  and  can  be  written  as  follows: 


dv 


Jdh  ' i<A+  - A-  - a-  + a+ 

•^dv  “ + A'  - a*  - a+  C2^g^4^p) 


(5- 52a) 
(5-52b) 


Employing  the  relationships  expressed  by  Eqs.  (5-20)  and  (5-21)  and 
substituting  the  a.c.  terms  of  and  J^y  into  Eq.  (5-22)  yields, 

®dArh*^sh  I / Arv^^sv  . Arv*^rv  « \ 

•d  -4—  I ( A^R.,  "^<0^4#^)  A^R.,  S(9^4^2>)* 


(5-53) 
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The  basic  difference  between  Eq.  (5-53)  and  (5-23)  is  in  the  second 
tcjrm  where  the  desired  angular  rotation  9 is  contained.  Our  goal  now 
is  to  expand  the  second  term  in  a form  which  will  facilitate  our  inter- 
pretation. Let, 

y * cos  2(9p+0j)  + X cos  2(9^4^2> 


where  y is  the  coefficient  of  a"*"  and. 


ArvRrx/A^h*^,h* 


y ■ -(sin  20J  + x sin  2^2)  sin  20^ 
+(cos  20J  + X cos  202)  cos  20^ 


vd>ich  is  equivalent  to 


z sin 

2(9 

(5-54a) 

(1  + > 

.2  + 

2 X cos 

eHl 

CM 

“ 02))^ 

(5- 54b) 

-1 

/ 

cos  201 

+ X 

cos  20,  \ 

(5- 54c) 

tan 

- 

:r  ] 

\ 

sin  20^ 

+ X 

sin  20^  j 

(Note  that  in  2,  0^  * 02  " ‘^h^* 


The  validly  of  Eq.  (5-54)  can  be  easily  verified  by  letting  • 45° 
and  €h  * ^ snd  Eq.  (5-55)  should  be  Identical  to  Eq.  (5-23)  when 

k - 2. 


~ ^d^h^sh 


If  we  use  the  sar  s rationale  as  that  .•reviously  used  In  deriving  e^  and 
V,,  it  will  be  clear  that  nonorthogonal  planes  will  have  negllbible  ef- 
fects on  these  terns.  Therefore,  for  our  purpose  the  systeai  output 
equation  after  substitution  for  a'  and  a*^  can  be  written  as  shotm  in  Eq. 
(5-56). 


(5-56) 

*0*82(9^+ |)8(„t+ «p) 


Examination  of  the  second  tern  in  Eq.  (5-56),  we  can  see  that  z will 
alter  the  scale  factor,  if  ><*<1  • displacement  fron  true  aero  by 

an  angle  ^ will  exist.  Therefore,  in  order  to  compensate  for  a/2  either 
»r  or  Wg  or  both  must  be  rotated  counter-clockwise  or  clockwise  from 
their  desired  poeition.  However,  this  will  then  result  in  cross  coupling' 
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nngular  errors  when  the  lateral  channels  are  rotated.  In  order  for  us  to 
get  a feel  of  what  magnitude  of  error  this  will  yield,  let's  assume  that  the 
following  conditions  exist: 

a)  Irradiance/detector/pre-.imp  is  unbalanced  by  0.247. 

b)  = ^6° 
and  c)  - 1°  i 

where  values  of  and  assumed  to  be  the  worst  case  conditions. 

With  the  aid  of  Eq.  (5-54)  the  following  values  are  computed: 

X - l.OC'24,  z «=  2.001  (ideal  z « 2.0) 

a - 2.002°;  - 1.001°  3603.6  arc  secs. 

These  calcul^itions  indicate  that  the  scale  factor  error  is  negligible,  but 
the  one  degre^e  angular  error  must  be  compensated  by  rotation  of  the  Wollafltcns 
until  the  syjitem  output  is  zero.  The  expense  paid  in  doing  this  (unavoid- 
able) is  to  i.ncrease  the  likelihood  of  cross  coupling  in  the  roll  channel 
when  pitching;  and  yawing  occur.  Perturbation  of  and  within  the  - 1° 
limit  specifi.ed  indicates  that  the  magnitude  of  a is  controlled  only  by  the 
XMTR  Wollaston's  deviation  from  orthogonality.  Thus,  if  fj.  • '5  and  is 
allowed  to  vary  ± I it  will  be  found,  for  all  practical  pur|  ses,  that 
a - 0°.  Therefore,  when  selecting  XMTR  Wollaston  prisms,  the  prism  with 
the  best  orthogonal  fit  should  be  used  in  the  roll  channel. 

5.2  Led  Ooni:rol  Loop 

The  funi:tion  of  the  LED  control  loop  is  to  assure  a.c.  and  d.c.  inten- 
sity balance,  as  seen  by  the  horizontal  and  vertical  detectors,  of  the  GONT 
LED  relative  to  the  REF  LED.  The  purpose  of  balancing  action  is  to  maintain 
the  term  a^^,  found  in  Eq.(S-26),  as  near  zero  as  possible  in  order  that  its 
product  with  the  irradiance/detector/pre-amp  balance  term  will  drive  the  off- 
set described  in  Eq.(5-26)  to  a minima.  In  addition  the  LED  balance  scheme  will 
provide  the  same  modulation  index  for  the  OONT  LED  drive  signal  as  that  of  the 
REF  LED,  thus  m^  s m,..  This  will  assure  that  the  ratio  b^I(./bj.Ip  found  in  Eq. 
(5-26)  is  near  unity  under  varying  light  intensities. 

5.2.1  Block  Diagram  Description 

The  CAMS  control  loop  model  along  with  the  identification  of  its  consti- 
tuent mathematical  blocks  are  shown  in  Figure  5-6.  A unique  feature  of  this 
loop  is  the  need  for  a divider  which  maintains  the  (Dirr  LED  modulation  index 
m^  equal  to  that  of  the  REF  LED  drive  signal.  A constant  signal,  with  the  re- 
quired modulations  index,  is  fed  in  the  numerator  and  the  output  Vy  is  ampli- 
tude scaled  by  the  denominator  V^.  Since  V^.  must  be  greater  than  zero  (lower 
limit  set  to  be  V(.>+  3.1  VDC)  this  requires  that  the  LED  intensities  be  un- 
balanced by  a certain  percentage  in  order  to  maintain  this  voltage  at  a pre- 
scribed level.  In  order  to  accomplish  this  and  at  the  same  time  maintain  a 
LED  balance  between  1.0  to  2.0  per  cent,  a large  voltage  gain  must  be  developed 
between  the  control  signal  e^  and  the  control  voltage  V^.  (also  referred  to  as 
error  voltage).  Of  course  it  would  be  roost  desirable  to  meintain  LED  balance 
to  a smellet  percentage,  thus  putting  less  reliance  on  the  irradiance/detector/ 
pre-sap  balance  (see  Eq.(5-26)),  but  a compromise  must  be  attained  between 
LED  balance  and  control  loop  phase  and  gain  margins. 
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It  should  also  be  emphasized  at  this  point  that  the  control  loop  LED 
balance  effects  on  the  system  output  are  somewhat  diminished  by  the 
AGC  divider  and  the  Irrad lance/detector/prc-amp  balance.  If  the  pre-amp 
balance  were  zero  or  very  small  at  all  times  larger  unbalances  could  be 
tolerated.  A lower  limit  for  the  divider  denominator  must  be  establish' 
to  prevent  operation  at  close  to  zero  voltage  where  oscillation  and/or 
Indeterminate  operation  results.  In  addition  divider  phase  shifts  are 
pronounced  as  Vq  approaches  small  values. 

Determination  of  the  divider  gain  Gy,  LED  drive  amp  transconductance 
Agj.,  LED-Optics-Sura  transresistance  Aj.^,  and  the  corresponding  rationale 
will  be  presented  here.  The  control  loop  is  basically  nonlinear  because 
of  the  divider  characteristics  and  to  that  end  we  shall  circumvent  thir 
problem  by  Assumption  No.  6. 

Assumption  No.  6 - 

The  largest  divider  gain  value  is  at  V^.  = + 3.1  VDC.  Increas- 
ing values  of  will  increase  the  relative  stability  of 
the  control  loop. 

In  addition  we  will  work  with  d.c.  values  in  the  determination  of  these 
gains.  For  an  oscillator  signal  of  1.0  V RMS,  a voltage  divider  network 
composed  of  Rj^  and  Rg  (see  Board  No.  Bl,  Pg.  6-4),  and  a modulation  index 
of  about  0.86,  the  following  d.c.  numerator  term  results: 

V 

2 “ mj,  (Ri  + Rg) 


Substitution  of  V2  into  the  divider  ideal  equation  yields. 


10(2)*^  / _foc^9\ 

Vc  + 


(5-57) 


where  ■ Vj..  Dividing  both  sides  of  Eq.  (5-57)  by  Vg  gives. 


' V?  «c 


(5-58) 


For  values  of 


Rj  - 100  kfl 
Rg  - 17,2  kfi 
Vj.  - 3.1  VDC 


G . 10(2)^  (1-0)  17-2 
^ (3.1)2<0.86)(117.2) 


- 0.251  v/v. 
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Tlie  transcondtictance  of  the  inverting  amplifier  circuit  (consist- 
ing of  and  the  Darlington  transistor  pair)  is  defined  by  Eq.  (5-59), 


(5-59) 


For  values  of, 

R3  = 25.8  k(i,  Roll 

R3  = 27.6  kll , Pitch  and  Yaw 


Ri6=  10  kn  , 

then  A ■ 0.258  mhos  for  Roll  and  A » 0.276  mhos  for  Pitch  and  Yaw- 
8^  ©c 

Control  LED  current  I^,  for  varying  values  of  V^,  are  listed  in.  Table  5-9. 

Table  5-9.  Control  LED  Currents 


Vy 

(VDC) 


Ic 

(ma) 

(Pitch  at\d  Yaw) 

66.5 

74.0 

83.4 

95.8 

111.0 

133.3 

166.4 

215.0 

Ic  (Roll) 
(ma) 


62.2 

69.1 

77.9 

89.5 

103.7 

124.6 

155.6 

201.0 


Before  determining  Che  LED-Optic-Sum  transresistance  Afc*  a 
rationale  must  be  developed  which  defines  the  signals  being  summed. 
Recall  that 

eg  ” ^8  + «v)* 

Now  if  we  make  use  of  Assumption  No.  7 our  computation  will  be  simpli- 
fied without  too  great  a sacrifice  in  accuracy.  In  addition  we  will 

Assumption  No.  7 - 

The  irradiance  for  the  horisontal  and  vertical  paths 
to  both  detectors  are  exactly  equal* 
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limit  tlio  analysis  to  a.c,  components,  thcr<?foro,  after  substitution 
«i[  the  appropiiate  values, 

“ 2^s  ^rh  ^dh* 

Substitution  of  Eq.  (5-20)  for  i^jj^  and  remembering  that  the  a"  term  is 
the  controlling  term, 

®c  ~ ~ *^8  \'h^8h® 


where 


bj.i^(l+  u^-  2u  cos  (a^.-Oj.))'^ 


If  « 0 t a~  can  be  written  as 

a“  = bj.ij.(’  + u^  - 20)"^ 
a~  =*  bj.lj.(l  - u) 


or  a~  = b^i^  - b^x^. 

r r c c 


Inserting  a”  into  e^  yields, 
^s^rh^sh 


. — ---  (b^i^  - b^i^) 


Letting, 


and 


then. 


\r.“  ^s^rh^^sh^r^^ 


“ ^s^rh^sh^c^^' 


“ ^rc^c  ” ^rr^r 


(5-60) 


(5-61) 


Eq.  (5-61)  is  Che  basic  equation  used  in  the  development  of  the  OAMS 
control  loop  block  diagram.  If  we  know  the  sum  voltage  V3  for  a parti- 
cular !(,,  an  equivalent  value  for  can  be  calculated.  Assuming  that 
exactly  half  of  Vg  is  contributed  by  the  CONT  LED,  the  peak  magnitude 
for  e^,  due  to  the  COOT  LED,  can  be  computed  per  Eq.  (5-62). 

*cp“  ^8^^  ®f»  (5-62a) 
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(■i-62b) 


C.p 

1.42 

Vj./2  f.f,  Y;.w 

cp" 

1.27 

V^/2  C, , Roll 

(5-62c) 


The  numerical  factors  in  Kq.  (5-62)  compensate  for  the  Increased  LED 
efficiency  at  A.44‘’c  (40OF)  as  determined  In  laboratory  measurements 
made  on  July  22,  1976.  Note  that  at  4.4A°C  the  loop  gain  Increases, 
thus  driving  the  control  loop  closer  to  instability.  The  ratio  of 
e^  /^c”*  ^rc  from  the  results  of  Fig.  5-5  and  Table  5-5  and  5-9. 


A = 1.71(4.77) 

2(21)  (111  X 10-^ 


1.75,  Pitch 


A 


rc 


1.42(5.28) 

2(10.1)(88.7  X 10-3) 


= 4.18,  Yaw 


A 

rc 


1.27(5.14) 

2(4.4)(92.73  x 10'^) 


= 8.0  , Roll 


Please  note  that  the  values  of  A^c  ^re  proportional  to  the  separation 
distance  between  the  XMTR  and  RCVR,  For  a reduction  In  range  • new 
setting  for  the  CONT  AMP  gain  must  be  made  to  maintain  the  prescribed 
gain  and  phase  margins  defined  in  the  stability  analysis  subsection. 

The  same  applies  for  the  case  when  significantly  hotter  LED  or  improved 
optics  are  introduced  with  a lesulting  increase  in  light  intensity. 

5.2.2  Control  Loop  Stability  Analysis 

A Bode  analysis  of  the  loop  transfer  function  must  now  be  performed 
in  order  to  select  an  appropriate  OOlfr  AMP  gain  l/)3  that  will  maintain 
loop  stability.  Using  control  analysis  notation,  the  loop  transfer  func- 
tion can  be  written  as 


G(s)H(s) 


K(1  + s/z) 


/ -S-j  + — + l\  (1  + s/p) 
«n  ) 


z ■ 387.7  rad. /sec 


p ■ 3090.0  rad. /sec 
o>n  ■ 62.84  rad. /sec 
ttj,  * 1.414 


(5-63) 


K 


If  we  let  s ■ Jti)  and  nornalise  the  lead-lag  transfer  function  terns, 
the  gain  equation  becomea 


GCMHCJro} 

K 


1 + J 


(1  - 


(JL) 


r 


a> 


+ j — ) (1  + J 


(5-64) 


The  magnitude  of  G( jo»)H( j&»)/K  in  decibels  Is, 

20  logjQ  I G1L«)  Hgo*}  I . 

» >••..('  •(*)')'  - ” '•■..(■  •(^)’)' 

•(=5)7 


where 


^ »p  ■ 3^ 


The  phase  shift  9 is, 

9 “ Arg(G( je«»)H(jw) 


tan 


'(“a)  ■ 


tan 


(5-65) 


(5-66) 


Figure  5-7  is  a plot  of  the  magnitude  and  phase  versus  the  normalized 
frequency  Selecting  a phase  margin  (FM)  of  31.2°  gi'  is  us  a 

gain  of  57.4  ob,  or  K » 741.3v/v  at  uVcUq  “ 70,0,  With  K known 
we  can  now  write  the  following  relationship, 

G^,  - K a/  G„GyAgcA^,c.  (5-67) 

Substituting  the  appropriate  values  in  Eq.  (5-67)  yields, 

Gc  - 7661,  Pitch 

Gc  - 3207,  Yaw 

Gc  - 1793,  Roll 

Table  5-10  siaauirizcs  the  loop  gains  for  the  three  channels  and  the 
conditions  used  to  calculate. 
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oj/ft) 


<1.0  arc  aec/Both  LED  on 


An  important  and  subtle  point  to  note  is  that  a relatively 
larpe  op  amp  circuit  close  loop  gain  is  required  for  C^..  This  gain 
will  naturally  cause  the  op  amp  circuit  to  produce  a phase  lag  accord- 
ing to  Eq.  (5-68). 


0 


a 


where 


tan 


N) 


(5-68) 


N = 2^  A„/Gc 


CJ 


n 


For  example,  consider  the  case  where  op- amp  (Mono  OP-07)  is  used. 

Ao  = 1*0  db  * 316,227.8  c/v 
=2.7J.z 

Up  = 62.84  rad/sec 

N = 23.71 

Gj,  * 3600.0 

u/iDp  * 70 

K •-^’*•3°. 

Obviously,  the  Introduction  of  a -71.3°  phase  shift  by  the  (X3NT  AMP 
will  cause  instability  in  the  control  loop.  This  necessitates  either 
our  using  a wider  bandwidth  op  amp  or  splitting  the  op  aup  circuit  into 
several  stagec  whose  product  equals  the  desired  G(..  We  have  chosen 
Che  latter  where  two  cascade  stages,  each  with  a gain  of  60  (lateral 
channels)  and  a corresponding  phase  lag  of  2.82°,  are  used  to  generate 
Gg.  This  application  yields  a considerably s mailer  phase  lag  with 
minimal  effect  on  the  control  loop  phase. 

- Detector  Pre  Amp  Analysis 

The  CAMS  system  requires,  per  channel,  a pair  of  detector/pre 
amplifier  circuit,  one  called  Che  horizontal  and  the  other  vertical, 
as  described  in  the  system  equation  analysis.  It  is  clear  from  the 
connotation  that  a detector  and  pre-»np  circuit  are  the  two  main  com- 
ponents making  up  the  whole  ciccuiC.  Whet  is  not  so  obvious  is  that 
special  care  must  be  taken  in  the  application  that  requires  joining 
Che  two  Co  form  a composite  circuit.  The  circuit  analysis  to  follow 
will  .-iddress  itself  towards  the  derivation  of  equations  describing 
Che  signal  end  tioisc  components.  The  proper  choice  of  components  in 
this  circuit  is  key  towards  proper  operation  of  the  GAMS  system.  Fol- 
lowing equation  derivations,  noise  calculations  based  upon  op  amp  data 
and  circuit  gains  will  be  compared  with  actual  measurements  made  on 
GAMS. 
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Figure  5-8.  Detector/Pre- Amp  Circuit 


5.3.1  StRnal  Output  Model 


Figure  5-8  depicts  the  basic  cur rent-to-voltage  converter  circuit 
with  an  equivalent  circuit  of  the  detector.  The  objective  here  is  to 
derive  an  output  equation  for  the  horizontal  detector/pre- amp  circuit 
as  a function  of  the  various  paraiseters  after  making  suitable  simpli- 
fying assumptions.  The  horizontal  detector/pre- amp  notations  shall 
be  used  throughout  this  derivation  a-id  the  results  are  the  sane  for 
the  vertical  detector/pre- amp  clrcui:. 

Assumption  No.  8 - 

Op  amp  input  terminal h draw  virtually  no  current  because 
of  the  large  differential  input  resistance,  Rfd. 

Assumption  No.  9 - 

Voltage  across  input  tenn:.nals  is  zero  since  the  positive 
input  terminal  is  at  ground  potential  (no  current  flow); 
the  negative  input  terminjls  must  be  at  zero  voltage  also. 

Assumption  No.  10  - 

The  series  resistanc(5  Rg  is  approximately  30  ohms  and  is 
much  smaller  than  th3  damping  resistance  R^. 

Rp  xs  added  to  prevent  input  bias  current  Ib  from  producing  a d.c.  off- 
set at  the  op  amp  output.  Capacitor  Cp  is  required  to  bypass  the  ther- 
mal noise  of  Rp  to  ground. 

Applying  Th^venin's  theorem  and  Hseuiaption  No.  8,  9 and  10,  the  cir- 
cuit of  Figure  3-8,  for  analysis  purposes,  can  be  simplified  to  that 
shown  in  Figure  5-9.  The  voltage  gain  equation  for  the  circuit  is. 


Rf 


Figure  5-9.  Equivalent  Inverting  Amplifier  Circuit 
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en/Vdh  = + l/\/?) 


(5-69) 


wherc- 


Zl/(Z1  + Rf) 


K “ ^)/(l  + ’•qS)  » T 


Zj  - Rj/(1  + RjCjS). 

Exp2:ision  of  the  numerator  and  denominator  of  Eq.  (5-69)  gives, 
I - l/p  ‘ -Rf(l  + RjCjS)/Rj(l  + R^C,s) 


To  C.  Rjs 


1 + 


'r  r + Jo  /i  + 


S + 1 


1 + R.C.s 
o J 


with  Rj  » Rd  and  Rf  » Rd- 


- Rf  (1  + RxCdS) 


From  Eq.  (5-69), 


e„  - A V .. 

H VC  dh 


and  Vdh  - - Idh  Zj  - - RjW<l  + RjCjS). 


Therefore, 


*^f  ^dh 


To  Rf«^ 


* ^)) 


s + 1 


(5-70) 


Eq.  (5-70)  can  be  written  in  a vnre  faKilinr  form  as  shown  in  Eq,  (5-71). 


(5-71) 
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wlieri: , 


and 


"h  ' 

nh  ” ^d“j  ■*■  Rf/Rj)/2ir 


The  transrcsi  seance  Aj.^  c.in  now  be  written  ns 


A,h(s) 


(s) 


Mh 


S nuH 

(—  ) + ~ + 1 
“h  “h 


(5-72) 


If  we  let  6 “ jw,  the  last  equation  becomes 


*rh(3'> 


and  the  phase  shift  is 


(5-73) 


For  detectors  with  equal  R.  and  Cj  it  can  be  proven  that  to  have  the 
same  phase  shift  for  each  lletector/pre-amp  leg  that  Rjh  * Rdv 
proof  is  as  follows: 
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Siibsi  i tution  of  the  appropriate  terms  for  ^nd  solving 

for  Rjji,  results  in  Eq.  (5-74). 


^'dh  * ^dv 


(5-74) 


Since  Rf^  and  are  generally  less  than  100k  ohms  difference,  Eq. 
(5-74)  reduces  to  the  form  where  R^jj^  « Rj^. 

At  this  point  an  analysis,  using  actual  component  values,  is  de- 
sirable. From  the  date  of  the  RCA  C30852  photovoltaic  photodiode, 

Cj  * 250  pf 

Rj  = 10  X 10^  ohms 

Rg  * 30  ohms  (calculated  from  EG  & C data  sheet  D3002A-1). 
The  pre  amp  circuit  values  are: 

Rf  * 2 X 10^  ohms 
R(j  = 53.6  X 10^  ohms 


Ao  • 110  db  « 316,227.8  v/v 
• 2.7  hz 

Substituting  these  component  values  into  the  equations  fora>h,ah» 
and  yields, 

tOh  ■ 103,582.6  rad/sec 
©h  * 

Sj,  - 0.706 

€h  - 18.4°  1 

ct)  “ 23,247.8  rad/secS  Pitch 

Apj^  * 1,998,065  ohms  } 

€h  - 9.2°  . 

(0  ■ 11,623.9  rad/secl  Yaw 

Aph  - 1,999,991  ohms  ) 

£h  - ^.54°  j 

CD  ■ 5811.9  rad/sec  \ Roll 

Arh  * 2,000,028  ohms  j 


If  Rjj  where  zero  the  atjj  equation  would  then  take  the  form 
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aj,  = o>j,  Rf;/Rj)/27r  foAo^* 


With  Rg  *=  30  ohms 

a'^  = 0,0239 


and  Arh(j‘^)  very  much  underdamped.  In  such  a case  the  response  of 
e to  changes  in  light  intensities  will  die  out  slowly.  Small  damping 
constants,  such  as  this,  will  also  amplify  the  voltage  noise  of  the  op 
amp  as  shown  in  following  section.  In  the  previous  calculation  we  have 
jelscted  R^j  (using  Eq.  (5-75))  for  a damping  ratio  of  0.706. 

«d  = (-S;  - (1  + Ilf/Rj)/27r  f„A^)/Cj  (5-75) 

5.3.2  Electrical  Noise  Model 

The  detector/pre- amp  circuit  has  basically  four  thermal  noise 
sources,  i.e.  op  amp  voltage  e^,  feedback  resistor  voltage  Cnf,  op 
amp  current  i^  and  the  detector  i^h*  We  shall  direct  our  effort  towards 
derivation  of  an  expression  relating  the  voltage  noise  output  of  the 
circuit  since  the  magnitude  is  related  to  our  choice  of  damping  con- 
stant. The  current  noise  circuit  output  is  easily  related  by  the  pro- 
duct of  the  constituent  current  by  the  trans re  si stance.  Figure  5-10 
is  an  equivalent  circuit  that  will  be  used  in  this  analysis.  The 


Figure  5-10.  Equivalent  Noise  Circuit 
voltage  noise  gain  equation  for  che  noninverting  configuration  is 
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^vn  “ ®no/‘'*n 


(■>-76) 


i/n 

1 + l/A^/i 


Expansion  of  1//J  and  Incorporating  the  conditions  where  Rj»Rj  and 
Rf  ;:;>Rj,  1//?  becomes. 


I /ft 


(R,  + RjXl  + Rj.R^C^s/(R.  + Rj)) 
Rj  (1  + CjRdS) 


Substitution  of  l/ft  and  1 + 1/Ay/?  (from  the  previous  section)  into 
Eq.  (5-76)  yields, 


\/n 


(1  -f  tqXl  + RfRjCjs/(Rj  + Rf)) 

+ (R(iCj  + -^  (1  + ^))s  + 1 


(5-77) 


Eq.  (5-77)  can  be  written  in  a conventional  form  as  shown  in  Eq.  (5-78). 


(5-78) 


where, 

' • 

Tj  « R£RjCj/(Rj  + Rf)  ■ 4.17  X 10“^  sec. 

(Uh  "h  defined  in  Eq.  (5-71).  Because  of  the  similarity  of 
Eq.  (5-78)  and  (5-71)  it  is  apparent  that  the  damping  constant  tth  will 
affect  the  noise  voltage  e^  in  a similar  manner  as  that  for  e{|.  The 
magnitude  of  Ayn(j<i>)  is 


|Ayn(t<o) 


(1 


Rf^Ej)(l 


+ (^«)^)^ 


«hS\2t^ 


(5-79) 


A careful  study  of  either  Eq.  (5-78)  or  (5-79)  plus  knowledge  of  sys- 
tem requirements  indicate  that: 

a.  The  •iro  will  cause  the  noise  magnitude  to  increase, 
undiminished  by  the  second  order  pole,  until  the  radian 
frequency  reaches  about 

b.  The  magnitude  of  iAyn(j<i>)|  , for  all  practical  purposes, 

is  equal  to  1 -f  frequencies  less  than  100  hz. 
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1.  Wiflioiil  Rj  the*  (lamping  ciiiistanL  (as  explained  beiore)  would 
bo  small;  Lhurefore  high  and  low  frequency  noise  components 
would  have  a tendency  to  modulate  the  signal  ejj. 

d.  Sync.  Demod.  action  will  attenuate  noise  frequencies  accord- 
ing to  Eq.  (5-36)  and  (5-38).  Wliatever  component  gets 
through  will  be  further  attenuated  by  the  10  hz  filter  ac- 
cording to  Eq.  (5-34).  Therefore,  the  system  noise  output 
will  consist,  mainly,  of  low  frequency  noise  of  100  hz  or 
less  with  the  dominate  components  in  the  10  hz  bandwidth 
region. 

With  Rj  selected  to  yield  a damping  ratio  of  0.706  and  the  rationale 
listed,  reduces  to. 


1 + TT 


(5- 80a) 


^no  ' ‘'n 


(5- 80b) 


Of  course  must  be  modified  to  account  for  the  voltage  noise  of  Rf 
and  the  current  noise  of  the  op  amp  and  detector  as  shown  in  Eq.  (5-81). 

eno(10  hz)  * (e^  (1  + Rf/Rj)^  + e^nf  + + inh)j'^^®n)^  (5-81) 

Since  RCA  does  not  list  the  current  spot  noise  for  10  hz,  we  must  ac- 
cept the  1000  hz  value  given  with  the  assumption  that  the  magnitude 
is  within  the  same  range.  Using  the  following  op  amp  and  detector 
noise  data,  the  total  voltage  noise  from  one  detector /pre*an>p  leg  is 
calculated. 

®nf  “ ( ^kTRf)'^  « 0.182  Mv/(hz)^  at  25°C 
e„  ■ 10,3  nv7(hz)^ 

* 0.32  pa/ (hz)^ 
inh  • 0-08  pa/(hz)^ 


*00  (10  hz)  * 0.68  ^v  (B„)’ 

Mote  chat  the  op  amp  current  noise  contributed  significantly  to  6^0(10  hz) 
and  almost  swamps  out  the  effect  of  the  other  noise  source.  The  voltage 
nofaes  for  the  differential  amp  are  negligible  compared  to  those  con- 
tributed by  the  dctector/prc-amp.  The  output  voltage  noise  due  to  both 
dctector/pre>amp  paths  following  the  differential  amplifier  is 
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®nos  "*■  ‘^aov)^ 


(5'-»2) 


where 

f'-n  ■=  4 ^'x 

Multiplying  each  of  the  voltage  noise  values  by  tlie  corresponding 
gains  outlined  in  Figure  5-5  yields. 


®nos  “ 21.8  ;iV  pitch 

®nos  “ ^3*2 

®nos  mv  (Bn)^  roll 


The  noise  bandwidth  of  the  system  is  determined  by  the  poles  of 
the  second  order  10  hz  filter  and  is  expressed  by  the  following: 


' /l^i  (j<‘>)l^dru 

D . -JSt 

" |Hj(J6.>|2 


(5-83) 


wl.ere. 


(s  - mjXs  - ro2) 


(5-84) 


and  i “ 1 or  2 • 


Letting  8 » jfc). 


H(jui)  - Hj(j(a)  H,(j<u) 


HiO)  -3^ 


H^(jw) 


jo)  - ro2 


where  mj,  m2  - ft;n(-6n  t j (1  - S^)^) 


and  8n<  1.0 

Substituting  and  K2(J(i^>  one  at  a time,  into  Eq,  (5-83)  and 

performing  the  required  integration  yields, 
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B_=1.312ajor7.58w_  ! 

n n ‘‘  vi 


Since  the  pole  with  the  narrowest  B will  jjovern  and  Bj^  is  to  be  expressed 
in  hz, 

®n  " ^’3^2  oj„/2rr 
or  Bj^  = 1.312 

With  £„  = 10  hz  we  can  now  calculate  e^Qg  with  the  results  as  shown 
below. 

®nos  ''  0.079  mv  rms,  pitch 
®no8  ~ 0.0A8  mv  rms,  yaw 
*nos  * 0.532  mv  rms,  roll 

These  are  the  ideal  thermal  noise  values  calculated  from  typical  op 
aiq>  data. 

System  output  noise  measurements  were  made  with  an  H.P.  135  X'Y 
reccrder  whose  maximum  pen  speed  is  20  ioches/sec.  The  noise  output 
is  shown  in  Figure  5-11.  With  these  graphs  50  voltage  points  were 
taken  at  100  ms  Intervals  and  are  tabulated  in  Table  5-11.  The  samp- 
ling interval  of  100  ms  was  chosen  to  ensure  independent  measurements 
(see  ref.  A,  Pg.  375  and  392)  and  with  50  sample  points  a good  approxi- 
suition  to  a,  gaussian-shaped,  probability-density  curve  can  be  obtained. 
With  this  noise  data  the  standard  deviation  was  calculate*^  for  each 
channel  by  Eq.  (5-87). 

1 V'  2 n —2  ^ 

*^0  • *i  ■ n=T  * > (5-87) 

tTjj  ■ 0.60A  mv  rms,  pitch  I 

* O.A37  mv  rms,  yaw  ) 10  hz  filter 

<r  ■ 1.50A  mv  rms,  roll  I 
n ’ ' 


ROLL 


Figurr:  5-11.  System  Output  Noise  Measurement 


However,  one  must  also  realize  chac  the  calculated  data  can  not 
account  for  other  types  of  noise  disturbance  such  as  1/f  noise,  shot 
noise,  and  perhaps  most  importantly  variations  in  the  irradiance 
light  source  from  LED  emission  to  detection  at  the  detector  surfaces. 
Noise  in  the  roll  channel  is  larger  because  of  the  increased  gain  re- 
quired in  scaling  of  the  output  as  indicated  in  Section  5, 1.1. 4.  In 
addition  higher  power  LEDs  would  cause  a reduction  in  gain  and  thus 
reduced  noise  amplification  in  the  system's  processing  path. 

The  10  hz  filter  restricts  the  OAMS  Urassboard  No.  2 system  to 
a 10  hz  dynamic  response.  However,  it  was  mentioned  lately  that  a 
40  hz  dynamic  response  is  more  representative  of  future  applications. 

An  estimate  of  the  OAMS  noise  output  with  a 40  hz  low  pass  filter  can 
be  calculated  by  multiplying  the  results  of  Eq.  (5-87)  by  2.0.  The 
standard  noise  deviation  is  then  1.208,  0.874  and  3.008  mv  rms  for  pitch, 
yavj  and  roll,  respectively. 

Finally  the  selection  of  the  RCA  C30852  photovoltaic  photodiode 
was  based  upon  a higher  responsivity  and  a lower  junction  capacitor, 
for  a given  surface  area,  which  in  turn  yields  a higher  natural  fre- 
quency Note  that  large  values  of  (a)-)  produce  smaller  phase  shifts 

in  each  detector/pre  amp  path  as  shown  by  (Eq.  (5-73).  These  detectors 
are  not  amphoterically  built;  tLv'reforc,  protection  against  radiation 
is  less  stringent. 

5.4  Conclusion 

It  was  proven  by  an  analytical  model  of  the  lateral  and  roll 
channels  that,  with  proper  LED  and  irradiance/detector /pre-amp  balance, 
offsets  in  system  output  can  be  held  to  about  one  arc  second.  Changes 
in  phase  shift,  once  the  SYNC  DEMOD  is  synchronized,  would  generally 
occur  when  the  relative  intensities  between  the  REF  and  CONT  LED  are 
changing.  These  intensity  changes  may  be  due  to  uneven  relative 
degradation  in  light  output  with  passage  of  time  or  uneven  light 
pattern  of  either  LED  as  the  RCVR  and  XMTR  are  rotated  about  their 
axes.  Phase  shift  changes  would  manifest  themselves  in  larger  LED 
unbalance  and  offset  ninlmlzation  would  rely  more  on  the  irradiance/ 
detector/pre-amp.  balance.  Background  illumination  within  the  optical 
filter  BW  will  i ntroduce  a d.c.  quantity  that  causes  a shift  in  system 
scale  factor.  Therefore,  if  OAMS  application  dictates  operation  in 
an  environment  where  the  background  lighting  has  spectral  range  over- 
lapping that  of  OAMS,  light  shades  wiuh  baffles  about  the  RCVK  aper- 
ture are  required  to  prevent  direct  lighting  of  the  detectors. 

Wollaston  prism  nonorthogonality  will  introduce  a small  constant 
scale  factor  error  in  the  lateral  channels.  This  error  is  compensated 
by  an  increased  gain  when  initial  scale  factor  adjustments  are  made. 
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In  the  roll  channel  nonorthogonality  will  introduce  scale  factor 
and  cross  coupling  errors.  The  scale  factor  error  is  compensated  in 
a similar  manner  to  that  of  the  lateral  channel  by  increased  gain  in 
the  processing  branch.  The  cross  coupling  error  cannot  b-  compensated 
out  except  that  it  is  constant  over  the  angular  range.  The  analysis 
indicates  that  this  error  in  mil  can  be  reduced  significantly  by  proper 
selection  of  XMTR  Wollaston  prisms  with  the  one  hjving  the  least  nonor- 
thogonality  between  the  polarization  planes  used  in  the  roll  channel. 

The  (X)NT  LED  control  loop  is  nonlinear  because  of  the  applica- 
tion cf  the  divider  which  regulates  the  modulation  index  and  CONT  LED 
intensity.  The  control  voltage  is  used  to  regulate  the  LED  signal 
and  is  applied  to  r.ht  denominator  of  the  divider.  Control  loop  gain 
values  were  selected  for  the  worst  case  condition,  that  is,  when  the 
XMTR  is  at  4.44°C  and  the  CONT  LED  intensity  has  degradated  to  the 
point  where  the  extreme  lower  limit  in  the  divider  denominator  rails 
for  a maximum  LED  a.c.  current  of  approximately  208  ma.  The  analysis 
indicates  that  the  loop  gain  iiust  be  tailored  for  each  individual  CAMS 
application  since  loop  gain  is  dependent  upon  range  and  intensity  of 
tht  LED.  For  a given  loop  gain,  as  the  range  decreases,  the  phase 
margin  decreases  until  loop  instability  sets  in  while  an  increase 
in  range  would  increase  the  phase  margin  and  increase  loop  stability. 

Loop  gain  values  selected  will  maintain,  assuming  that  the  signal  phase 
shift  are  kept  within  some  reasonable  bound,  LED  balance  at  about  one 
per  cent. 

Detector/pre  amp  circuit  analysis  indicates  the  need  of  a damping 
resistor  to  set  the  circuit  damping  ratio  to  an  established  value  of 
ab'iut  0.707,  Without  s damping  resistor  the  circuit  is  highly  under- 
damped  and  the  signal  is  prone  to  modulation  and  perturbation  by  elec- 
trical noise  or  variations  in  light  intensities.  It  was  also  proven 
that  the  signal  phase  shift  in  each  deter.tor/pre  amp  leg  is  constant 
and  is  of  the  same  magnitude.  The  measured  electrical  noise  values 
were  0.604,  0.437  and  1,504  mv  ruis  for  pitch,  yaw  and  roll,  respectively. 
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ADVANCED  BRASSBOARD  DESIGN 


6.1  ELECTRONIC  DESIGN 

The  Optical  Angular  Motion  Sensor  Electronic  Subsystem  consists  of 
three  channels  operated  on  an  analog  basis  with  three  distinct  frequencies 
of  925,  1850  and  3700  hertz  for  roll,  yaw  and  pitch,  respeci;  ely.  Each 
channel  is  integrated  with  three  independent  optical  subsys  ' t.3  for  the 
purpose  of  measuring  relative  angular  displacement  between  two  points  in 
a three-axis  coordinate,  system.  , The  composite  system  is  a precision 
measuremen’.  device  that  converts  small  angular  deileclions  irc  seconds) 
in  roll,  yaw  and  pitch  between  e reference  point  and  a remote  point  into 
an  electronic  output.  The  assembly  is  shown  in  Figure  6.3-1. 

Basically,  the  electronic  circuits  for  each  channel  perform  two 
functions.  That  is,  1)  an  input  to  the  system  is  provided  in  the  form 
of  an  intensity  modulated  light  source  about  a quiescent:  level  and  2)  this 
'•jlarized  light  source  as  a function  of  angular  displacement  and  range  is 
detected.  The  resulting  signal  is  processed  to  yield  an  electrical  output 
proportional  to  angular  rotation. 

With  the  aid  of  the  block  diagram  shown  in  Figure  and  schematic 

drawings  (Figures  6.1-2  and  6.1-3)  a comprehensive  description  of  the 
tuncti  nal  operation  of  the  CAMS  electronic  circuits  is  presented.  The 
electronic  subsystem  description  will  be  subdivided  into  the  following 
three  subgroups:  1)  LED  drive,  2)  Signal  Processing  Electronics  and 
3)  LED  Control  Loop.  These  three  subgroups  will  be  identified  and  their 
functional  operation  and  relationship  upon  each  other  described.  Since 
all  three  channels  are  essentially  the  same  with  exceptions  for  amplifier 
gain  values  and  operating  frequencies,  this  section  will,  where  practical, 
addrer  itself  to  a common  description  as  indicated  by  the  block  diagram. 
Each  block  is  assigned  a number  for  identification  within  the  test. 
Following  these  three  subsections  an  e .ctronic  net-  irk /component  descrip- 
tion in  subsection  6.1.4  will  describe  the  individual  networks  and  com- 
ponents and  their  application  for  the  OAMS  electronic  circ-.jits. 

6.1.1  LED  Drive 

Two  light  emitting  diodes  (LEDs)  located  in  the  transmitter  provide 
the  input  light  source  for  each  channel.  Each  LED  pair  is  selected  to  emit 
energy  in  one  of  the  three  spectral  regions  to  prevent  cross  coupling  the 
light  between  channels.  In  both  the  transmitter  and  receiver  the  principle 
of  duality  was  employed  to  increase  system  reliability  and  signal -to-noise 
ratio  (SNR).  The  modulation  frequencies  of  operation  for  the  channels  are 
one  octave  apart.  This  provides  additional  immunity  to  channel  cross  talk 
since  even  harmonics  are  averaged  to  zero  with  the  aid  of  the  synchronous 
demodulator/low  pass  filter  (5).  Odd  harmonics  frem  a channel  may  enter 
other  channels  but  are  significantly  attenuated  by  the  optical  filters  and 
the  . ction  of  the  synchronous  demodulator/ low  pass  filters. 
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OAMS  Block  Diagram 
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The  LED  drive  paths  are  similar  e;  .eot  that  one  LED  is  used  as  a 
ietcrence  (18)  and  the  other  controlled  (16)  thro-ij’h  the  action  of  the 
analog  divider  (’4).  The  tuning  fork  csciliator  supplies  the  sinusoidal 
signal  used  by  the  drive  circiiirs  A voltage  reference  (20)  supplies 
the  d.c.  bias  lor  summing  with  the  sinusoidal  signals  to  provide  the 
composite  signals  for  the  LED  drive  networks.  In  botli  the  reference  (IS) 
and  the  controlled  (16)  LED  drive  networks,  the  LEDf  are  connected  be- 
tween the  + 7^  VDC  supply  and  collector  tie  points  of  the  darlington 
transistor  pairs.  In  this  configuration  each  LED  operates  about  a bias 
current  and  is  bounded  such  that  the  transistors  neither  saturate  nor  turn 
off.  The  a.c.  signal  current  amplitude  and  the  d.c.  bias  current  ampli- 
tude for  the  reference  LED  (18)  is  fixed  such  that  the  controlled  LED  (16) 
can  operate  it.  ,x3wer  output  above  and  below  the  refei  'nee  output  for  LED 
balance  as  seen  at  the  detector/pre  amp  (1)  outputs. 

The  analog  divider  (14)  performs  the  following  function  in  controll- 
ing LED  (16)  signals.  The  analog  divider  controls  the  composite  drive 
signal  amplitude  divider  output  is  described  by  the  following  equa- 

tion where  Z is  tLe  composite  signal  (dividend)  and  X is  the  d.c.  com- 
poner t (divisor).  Tne  X component  is  the  controlling  parameter. 


led  drive  network  (15)  supplies  drive  current  through  the  controlled 
LED  (16)  and  LED  drive  network  (17)  supplies  current  through  the  reference 
LED  (18). 

6.1.2  Signal  Processing  Electronics 

The  function  of  the  networks  in  this  circuit  is  to  operate  on  two 
electrical  signals,  which  are  proportional  to  the  light  sources  seen  by 
the  two  detectors  (1),  such  that  the  electrical  output  of  the  snychronous 
demodulator/low  pass  filter  (5)  represents  a relative  difference  in  angle 
between  the  transmitter  and  receiver.  The  electronic  networks  required 
for  this  process  are  identified  in  figure 6.1-1  as  Blocks  1 through  9 and  21 
with  Block  6 being  the  digital  panel  meter/indicator. 

The  two  silicon  detector  diodes  per  channel  (1)  are  operated  in  a 
photovoltaic  mode  where  low  noise  equivalent  power  (NEP)  is  achieved.  The 
signals  from  each  detector  are  preamplified  by  low  noise  operational  amp- 
lifiers and  supplied  to  the  difference  amplifier  (2). 

Should  an  angular  difference  exist  between  the  transmitter  and  re- 
ceiver, two  a.c.  signal  components  (d.c.  blocked  by  capacitors  in  Block  2) 
are  applied  to  the  difference  amplifier.  Since  the  signals  have  a 180  de- 
gree phase  difference,  the  composite  output  signal  (Vq)  is  effectively  the 
sum  of  both  input  signals.  This  action  doubles  the  signal  level  and  cancels 
out  conson  naode  noise  components.  Vd  is  the  dividend  for  the  ACC  analog 
divider  (4).  The  divisor  X for  ACC  analog  divider  is  obtained  by  use  of 
the  summing  amplifier  (7),  low  pass  filter  (8)  and  inverter  amplifier  (9). 
The  output  signal  from  the  analog  divider  (4)  is  applied  to  the  snychron- 
ous demodulator/ low  pass  filter  (5).  Output  from  the  synchronous  demodu- 
lator/low pass  filter  (5)  is  proportional  to  and  represents  the  angular 
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rotation  bciveon  t!;t‘  t rar.smi  1 1 or  and  receiver.  Tins  analog  voltage  is 
supplied  to  ilie  digital  panel  meter  (6)  where  it  is  converted  to  a digital 
signal  and  supplied  to  its  indicator  for  decimal  read-out.  Low  pass 
lilter  characteristics  for  Blocks  “j,  8 and  10  are  shown  in  Table  6.1-1. 

With  Vp  as  the  dividend  and  Vg  as  the  divisor  the  analog  divider  (4) 
etfectivelv  normalizes  the  diflerence  signal,  V[),  for  variations  in  light 
intensity  for  a giv»n  angular  position.  Tlie  light  intensitv  changes  may 
be  due  to  1)  detectot  and  LLD  rosponsi vi ly  degradation,  2)  non-uniformity 
in  LED  light  pattern  and  3)  change  in  range.  This  action  of  the  divider 
on  the  difference  signal  is  termed  automatic  gain  control  (AGC) . 

Because  the  roll  channel  has  an  optical  angular  sensitivity  of  2 
versus  cO  for  the  lateral  channels,  additional  gain  is  required  in  the  roll 
channel  to  compensate  for  this  condition. 

Both  the  synchronous  demodularor/low  pass  filter  (5)  in  the  signal 
processing  electronics  and  the  synchronous  demodulator ^low  pass  filter  (10) 
in  the  LED  control  loop  receive  their  reference  signals  from  the  phase  ad- 
just and  square  wave  generator  networks  (21).  There  are  two  reference 
signals  to  each  demodulator.  A pair  of  reference  signals  to  a demodulator 
has  square  waveforms  end  180  degrees  difference  in  phase.  Their  phase 
relative  to  the  signal  is  corrected  in  the  phase  adjust  section  of  this 
block  (21).  Tl\e  input  sinusoidal  signal  comes  from  the  Tuning  Fork  Oscilla- 
tor (19)  isolating  amplifier. 

6.1.3  LED  Control  Loop 

The  purpose  of  the  LED  control  loop  is  to  drive  the  controlled  LED  (16) 
in  a direction  such  that  as  seen  by  the  balanced  detector^preampllfiers  (1), 
the  controlled  LED  (16)  and  the  reference  LED  (18)  will  have  equal  light 
output.  This  is  accomplished  in  the  following  manner.  Wlicn  the  intensity 
of  both  LEDs  as  seen  by  the  balanced  detector ^preamps  (1),  is  the  same 
(balanced  LED  condition),  there  will  be  no  a. c.  at  the  signal  frequency  on 
the  Sum  amplifier  (7)  output.  Possible  even  harmonic  distortion  will  be 
ignored  since  it  will  be  averagcsd  to  zero  in  the  synchronous  demodulator' 
low  pass  filter  (10)  and  will  not  affect  LED  balance.  When  the  intensity 
of  the  LEDs,  as  seen  by  the  balanced  detector 'preamps  (1)  is  not  the  same 
(unbalanced  LSD  condition),  there  will  be  an  a.c.  signal  at  the  channel 
signal  frequency  on  the  sum  amplifier  (7)  output.  This  a.c  signal  is  used 
to  drive  the  LEDs  to  balance. 

Two  cases  will  be  described.  First,  at  zero  angle  between  the  trans- 
mitter and  the  receiver,  there  will  be*  equal  light  from  each  LED  on  either 
detector.  With  the  180  degree  phase  difference  between  the  two  LEDs  a.c. 
signal  components  on  a detector,  there  will  be  a steady  d.c.  light  level 
on  each  detector  when  the  lEDs  are  balanced.  There  will  be  no  a.c.  on  the 
sun  amplifier  (7)  output  since  there  was  none  at  the  input.  When  the  LEDs 
ara  not  balanced  this  will  net  be  true.  In  the  extreme  case  o!  unbalance 
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Table  6.1-1  OAMS  FILTER  CHARACTERISTICS 


where  one  1 KD  is  ex  i i in  u i slied  lor  ><ample,  there  will  he  equal  lit;ht  on 
each  detector  from  the  "t)N"  l.r.n  with  the  a.c.  coirponents  on  each  detector 
in  phase.  Wlien  the  detect  or 'preamp  (1)  otitpiits  are  added  under  this  con- 
dition hv  the  Sum  amplifier  (7)  there  will  he  a.c.  signal  at  the  channel 
signal  frequenc.  on  the  sum  output.  This  ..c.  signal  after  svnehronous 
demodulation  in  svnchronoi s demodula tot"  low  pass  filter  (10)  is  used  to 
drive  the  coni. rolled  l.F.D  (!(?’'  toward  a balanced  condition  with  reference 
LED  (18) 

Wlien  there  is  ar  angle  other  thati  zero  between  the  transmitter  and 
the  receiver,  the  light  from  one  LED  is  increased  on  one  detector  and  re- 
duced on  the  other  detector.  Light  from  the  other  LED  is  increased  and  re- 
duced on  opposite  detectors  from  the  first  LED.  Under  the  balanced  LED 
condition,  addition  of  the  two  detector/preamp  (1)  signals  with  the  a.c. 
components  equal  in  amplitude  and  having  a 180  degree  phase  difference  re- 
sults in  a d.c.  output  from  sum  amplifier  (7).  Wlten  the  LEDs  are  unbalanced 
this  is  no  longer  the  case.  If  under  the  extreme  unbalanced  condition  where 
one  LED  is  extinguished,  the  output  from  both  detector 'preamps  (1)  are  in 
phase  although  not  having  equal  amplitude  on  each  detector.  When  added  by 
sum  amplifier  (7)  there  will  be  an  a.c.  component  which  when  demodulated  by 
synchronous  demodulator ' low  pass  filter  (10)  provides  a control  voltage  to 
drive  the  controlled  LED  (16)  toward  the  referenced  LED  (18). 

Tlie  cases  described  used  the  extreme  condition  of  unbalanced  LEDs  in 
which  one  LED  was  extinguished.  When  there  is  any  unbalance,  as  seen  by 
the  detector  preamps  (1),  between  the  LEDs  there  will  be  an  a.c.  component 
on  the  sum  signal  which  when  demodulated  by  synchronous  demodulator 'low  pass 
filter  (10)  will  provide  a correction  voltage  to  the  analog  divider  (14)  to 
balance  the  LEDs. 

The  LED  control  loop  is  Implemented  in  the  following  manner.  Any  a.c. 
at  the  channel  frequency  and  phase  is  taken  from  the  sum  amplifier  (7)  and 
synchronously  demodulated  by  synchronous  demodulator 'low  pass  filter  (10). 
Here  quadrature  signals  and  even  harmonics  are  rejected  and  the  proper  signal 
is  converted  to  a control  voltage  to  drive  the  controlled  LED  (16)  toward 
the  reference  LED  (18).  This  signal  is  supplied  through  a compensation  net- 
work (11)  for  control  loop  stabilitv  to  gain  amplifiers  (12),  and  the  output 
from  these  amplifiers  is  supplied  as  Che  control  voltage  to  the  analog 
divider  (14)  which  supplies  signal  to  the  LED  drive  network  (1*))  described 
e.irlier . 

6.1.4  Electronic  Network/Component  Description 

The  purpose  of  this  subsection  is  to  describe  in  more  detail  the  indi- 
vidual units  that  are  used  in  the  OAMS  electronic  subsystem.  The  previous 
sections  described  the  functional  operations  required  in  the  electronic 
subsystem  while  this  subsection  will  be  less  general  and  will  focus  on  the 
specific  applications  and  type  components  Found  in  these  units.  Each  unit 
may  contain  one  or  more  of  the  networks  or  circuits  identified  in  the  block 
diagram  of  figure  6.1-1.  These  units  are  located  either  on  circuit  boards  or 
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housed  within  llie  main  chassis  or  in  tlie  transniisicr  or  receiver  sub- 
assemblies as  shown  on  the  schematic  drawiiiKS  (Kiuures  6.1-2  and  6.1-3) 

For  description  purposes  each  unit  will  be  cate^torized  according  to  wheth- 
er its  function  is  related  to:  A)  '..ED  drive  and  control  loop,  B)  Signal 
processing  electronics  or  C)  Purchased  subassemblies.  Refer  to  Table  6.1-2. 

6. 1.4.1  LED  Drive  and  Control/Loop  Units 

6. 1.4. 1.1  LED  Drive  and  Amplifier 

This  network  contains  the  drive  circuit rv  for  both  the  controlled 
and  reference  LEDs  and  operates  in  the  following  manner.  Tlie  oscillator 
output  comes  in  to  Board  B1  through  pin  7 to  amplifier  A1 . Tliis  amplifier 
removes  any  d.c.  from  the  oscillator  signal,  is  a high  impedance  to  the 
oscillator  output,  and  provides  a low  impedance  output  to  the  drive  net- 
works. It  has  along  with  all  other  amplifiers  in  the  CAMS  system,  ver% 

I'.ow  offset  and  offset  drift  with  temperature,  low  noise  and  high  open  loop 
gain.  The  output  from  amplifier  A1  is  supplied  to  the  reference  and  to 
the  controlled  LED  networks. 

Also  supplied  to  these  networks  is  a stable  d.c.  voltage  to  be  summed 
with  the  a.c.  signal  just  described.  The  d.c.  reference  voltages  are  form- 
e<i  on  Board  B1  in  the  following  manner.  Stable  and  temperature  compensated 
voltage  reference  labeled  DCVK  supplies  a d.c.  reference  voltage  which  after 
being  attenuated  to  the  proper  value  by  a resistor  network  is  supplied  to 
isolating  amplifier  A2 . This  unity  gain  amplifier  with  low  output  impedance 
supplies  a positive  d.c.  voltage  for  use  in  the  controlled  LED  drive  network. 
The  output  of  amplifier  A2  is  applied  also  to  the  input  of  unity  gain  invert- 
ing; amplifier  A3.  The  output  of  amplifier  A3  is  a negative  d.c.  voltage  for 
use  in  the  reference  LED  drive  network. 

The  a.c.  and  d.c.  signals  are  combined  in  the  following  manner  in  the 
drive  networks.  The  positive  d.c.  voltage  from  amplifier  A2  is  added  to 
the  a.c.  from  amplifier  A1  and  also  the  polarity  of  both  are  inverted  in 
summing  amplifier  A5.  Amplifier  A6  output  Is  supplied  through  gain  control 
analog  divider  ADI  with  the  same  negative  polarity  to  inverting  amplifier 
driver  A6  with  the  driver  output  from  transistor  Q1  on  the  chassis  to  re- 
sistor R1  having  a positive  d.c.  component.  The  negative  d.c.  output  from 
amplifier  A3  is  added  to  the  a.c.  from  amplifier  A1  and  both  inverted  in 
sumning  amplifier 'driver  A4  with  the  output  from  transistor  Q2  on  the 
chassis  to  resistor  R2  on  the  chassis  having  a positive  d.c.  component. 
Although  the  d.c.  voltage  component  across  these  resistors  R1  and  R2  on 
the  chassis  is  positive,  the  a.c.  component  has  a 180  degree  phase  shift 
between  the  two.  This  is  true  since  the  a.c.  was  first  added  to  the  posi- 
tive reference  in  the  controlled  LED  network  and  then  the  a.c.  was  added 
to  the  negative  reference  in  the  reference  LED  network. 


6-  9 


TABLE  6., 1-2  ELECTRONIC  UNITS  AND  LOCATION  ASSIGNMENT 
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Till-  voitai’e  rclcrciict-  is  an  Analoi-  Dc*  ii'O  AI)'>‘ OS  Tit  is  tivn;>onent 
will  1)0  replaced  bv  a National  Semi  londut  lor  !.M199AH-20  8S3  precision 
voltaKO  referenced  on  ( iio  siodot  OAMS  This  .oiia^c  rol  eronce  b.as 

a r CRipera  f ore  coefficient  of  f'et  i or  tlian  i ppr’  *^0  Tbe  Al''’>f'0S  bas  a 
temperature  coefficient  better  tban  4o  ppm  ‘’(i  All  op-amps  feature  low 
offset  and  low  noise  Tl)e  analoj?  dt.-ider  is  an  Aiialoj.'  Device  AI)'.3bB 
screetunl  to  SAMSO  requirements.  n.fs  divider  ir  « nodule  and  las  accur- 
acy and  electrical  specifications  requirrti  l.  I'e  flAMS  s%stem. 

6.1.4  1 2 Reference  and  (:»>nirolled  l.HD.s 

These  l.KDs  are  located  in  the  ■ ranstni  1 1 er  Fbev  arc  ider.tiiied  in 
Table  6.1-3. 

6.  1.4. 1.3  Syncbronoiis  DctniKlii iat or  Low  Pass  Kilter 

Any  sii^nal  at  tbe  channel  frequenc.  from  the  snmmini-  amplitier  R2-A3 
leaves  pin  9 on  board  P.2  and  enters  1’.'.  pin  10  to  the  syncl.ronotis  demodu- 
lator'lcrw  pass  filter.  Tlic  circtiit  operates  in  the  following  manner.  Tbe 
signal  from  pin  10  on  B4  passes  through  capacitor  C!  and  a resistor  net- 
work to  pin  3 on  non-inverting  and  uni  tv  gain  amplifiers  A1  and  A2 . Outputs 
from  Al  and  A2  are  suppIifKi  to  the  differential  input  amplifier  A3.  Chopper 
transistors  Q1  and  Q2  alternately  and  svnchronouslv  ground  the  inputs  to 
amplifiers  Al  and  .A2  at  a time  when  the  a.c  signal  is  crossing  zero.  Tb.e 
outpnts  from  Al  and  A2  are  half  wave  rectiiied  signals  reversed  in  polaritv 
with  the  Al  signal  output  occuring  on  one  fiali  cycle  and  the  A2  signal  out- 
put occuring  on  the  following  half  cvcle.  If  these  two  signals  were  sintned , 
the  original  sine  wave  represent inv  LED  unbalance  would  he  reproduced. 

Theee  two  signals  are  supplied  instead  to  a differential  input  amplifier  A3, 
howevc»-,  and  the  single  ended  output  is  a full  wave  rectified  sitnaf  which 
is  averaged  to  a d.c.  value  in  the  following  amplifier  filter  network  con- 
sisting of  amplifier  A4  and  associated  componcnt.-i . Tlie  filter  characteristics 
are  described  in  Table  6.1-  1. 

6. 1.4. 1.4  Compensation  Network 

Following  the  low  pass  filter  on  board  B4  is  a lead  compensation 
network  for  LED  control  loop  stability.  It  consists  of  resistors  Rll  and 
R20  and  capacitor  C4.  The  closed  loop  output  iag  edance  of  tbe  filter 
asipHfier  *4  is  very  lew  and  the  closed  loop  inpuv  impedance  to  amplifier 
A5  to  which  the  compensation  network  output  supplKi  is  very  high.  This 
impedance  is  such  that  the  compensation  network  is  i ffected  insignificant- 
ly by  its  source  and  load. 
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6. 1.4. 1.5  Gain  Amplifiers 

On  board  4 amplifiers  A5  and  .A6  with  associated  component-s  increase 
the  loop  gain  of  the  LED  control  loop  to  minimize  the  LED  unbalance  to  the 
degrew  required  by  the  OAMS  accuracy  requirements.  Two  stages  are  requir- 
ed to  reduce  the  phase  shift  caused  by  the  op-amps  at  the  required  closed 
loop 


TABLE  LED  CllARAa ERISTICS 


() . 1 . A . 1 . (i  I’ltasc  Adjust  Square  Wave  Generator  Network 


I'Ih.'  square  wave  synchronous  deniodii  lat  or  reference  signals  supplied 
to  pins  7 and  IS  on  Itoard  HA  are  Kcneratcd  on  hoard  H5  In  the  following 
inanner.  Oscillator  isolating  amplifier  A1  on  hoard  B1  supplies  an  a.c. 
signal  trom  the  oscillator  througli  pin  18  on  board  B5  to  two  phase  ad- 
just resistance-capacitance  networks.  One  R-C  network  output  is  supplied 
to  isolating  amplifier  A1  and  the  other  to  isolating  amplifier  A2 . The 
output  from  amplifier  A1  supplies  an  input  to  dual  comparator  A3  and 
amplifier  A2  supplies  an  Input  to  dual  comparator  A4,  both  in  the  follow- 
ing manner.  The  scries  RC  networks  act  as  loads  and  also  prevent  output 
offsets  from  amplifiers  A1  and  A2 . The  parallel  diode  pairs  connected 
to  the  comparator  inputs  serve  the  following  function.  At  low  signal 
levels  where  the  input  is  crossing  zero  voltage,  a diode  pair  will  present 
extremely  liigh  impedance  to  the  input  signal.  This  Is  desired  since  this 
is  wliere  the  comparators  switch  and  tlieir  input  signals  need  to  not  be 
attenuated.  After  the  switching  has  occurred  and  the  input  has  Increased 
in  amplitude,  however,  a diode  pair  provides  a charge-discharge  path  for 
the  capacitor  connected  to  it.  Thus  the  non-linear  characteristics  of  the 
diodes  are  utilized  for  optimum  circuit  operation.  Square  wave  signal  out- 
puts leave  the  dual  comparators  A 3 and  AA,  one  pair  to  the  control  loop 
demodulator  on  hoard  BA  and  the  otlier  pair  to  the  channel  signal  demodulator 
on  board  B3.  The  two  square  wave  signals  in  each  pair  have  a phase  differ- 
ence of  180  degrees.  Two  pairs  are  required  since  the  phase  shifts  of  the 
reference  square  waves  relative  to  the  oscillator  input,  are  not  the  same 
for  the  control  loop  pair  and  for  the  channel  signal  pair.  The  fast  rise 
time  square  wave  comparator  outputs  are  supplied  through  shielded  wires  to 
their  loads  to  prevent  radiation  or  capacltave  coupling  to  other  networks 
in  the  system. 

6. 1.  A. 1.7  Amplitude  Limiting  Network 

Should  the  output  from  pin  20  on  board  BA  be  small  enough  representing 
large  LED  unbalance,  the  following  events  can  occur.  This  output  Is  the 
control  voltage  to  the  LED  balance  analog  divider  located  on  board  Bl.  This 
control  voltage  is  the  divisor  of  the  analog  divider  and  as  the  divisor  de- 
creases the  divider  output  increases.  At  some  point  the  LED  driver  output 
driven  by  the  divider  will  distort  due  to  limiting  or  saturation.  If  this 
happens  even  for  a short  period  of  time  it  has  been  found  that  the  distor- 
tion can  cause  the  control  loop  to  drive  in  the  wrong  direction  and  latch 
up.  This  could  happen  during  turn-on  of  the  system.  To  prevent  this  condi- 
tion the  resictor  network  consisting  of  RIA  and  R15  and  the  diode  CRl  were 
added  to  provide  a lower  limit  to  this  output  from  pin  20. 

6 . 1 .  A , 2 Signal  Processing  Electronics 

6.1.  A. 2.1  Detector  and  Preamplifier 

The  three  dual  detcctor/preamplif ier  pairs  are  located  in  the  receiver 
and  convert  the  incoming  light  to  electrical  signals  for  the  channels.  The 
preamplifiers  are  located  close  to  the  detectors  to  eliminate  noise  and 
pick-up.  Tlic  detector  signal  is  amplified  and  the  pre-amplifier  has  low 


6-13 


I 


('Ill  pill  i inpt'daiicf  lo  noise  and  pick-np.  Tiio  preamplifier  Is  a current  to 
voliape  converic'r  with  the  del  eetor  operating  in  the  photovoltaic  mode, 

I’lie  operat  tonal  amplifiers  feature  low  noise  voltage,  si.^all  output  offset 
and  low  output  offset  drift  with  temperature. 

().1.4.2.2  Differential  Amplifier,  AGC  Analog  Divider  and  Gain  Amplifier 

Signal  inputs  to  this  network  on  board  B2  are  supplied  by  the  detector/ 
preamp  through  shielded  cable  to  pins  11  and  12  on  board  B2.  Tlie  different- 
ial amplifier  consisting  of  amplifier  A1  with  associated  components  differ- 
ences the  180  deg.'ee  phase  differenced  a.c.  signals  which  is  the  same  as 
adding  them  in  phase,  and  amplifies  the  result.  Tlie  d.c.  Is  blocked  by 
capacitors  Cl  and  G2.  This  signal  is  further  amplified  by  the  non-inverting 
stage  consisting  of  amplifier  A2  and  associated  components.  Any  d.c.  offset 
coming  into  amplifier  A2  is  blocked  by  capacitor  C3.  Tlie  output  from  ampli- 
fier A2  is  supplied  as  tlie  numerator  to  AGC  anolog  divider  ADI.  Her,e  a 
filtered  and  amplified  sum  signal,  next  to  be  discussed,  is  applied  as  the 
denominator  of  the  analog  divider  resulting  in  the  divider  having  an  output 
signal  independent  of  changes  in  light  intensity  as  seen  by  the  detectors. 

h.  1.4. 2. 3 Summing  Amplifier,  T,ow  Pass  Filter  and  Gain  Amplifier 

Signals  coming  from  the  pair  of  channel  detector/preamplifiers  to 
board  B2  are  added  In  the  sum  amplifier  consisting  of  amplifier  A3  and 
associated  components.  Output  from  this  stage  is  supplied  to  the  low  pass 
filter  consisting  of  amplifier  A4  and  associated  components  and  also  out 
pin  9 to  the  LED  control  loop  synchronous  demodulator  on  board  B4.  The 
lav  pass  filter  lust  referred  to  has  characteristics  shown  in  Table  6.1-1. 
Output  from  the  filter  stage  is  amplified  in  the  Inverting  amplifier  stage 
consisting  of  amplifier  A5  and  associated  components.  The  gain  of  this 
stage  sets  the  operating  point  of  the  denominator  of  the  analog  divider  to 
which  the  stage  output  Is  connected.  The  analog  divider  output,  next  to 
be  discussed  is  supplied  to  the  synchronous  demodulator  on  board  B3. 

6. 1.4. 2. 4 Synchronous  Demodulator/Low-Pass  Filter 

Signal  from  the  AGC  analog  divide*-  on  board  B2  is  supplied  through 
pin  10  on  hoard  B3  to  the  synchronou-i  demodulator  on  this  board.  This 
synchronous  demodulator/low  pass  filter  operates  In  the  same  manner  as 
the  one  described  in  the  section  T.ED  Drive  and  Control  Loop  Units.  The 
filter  characteristics  are  given  In  fable  6.1-1.  The  reference  signals 
are  supplied  by  the  Phase  Adjust  and  Square  Wave  Generator  network  describ- 
ed earlier  In  this  section. 

6. 1.4. 2. 5 Phase  Adjust  and  Square  Wave  Generator  Network 

The  phase  adjust  and  square  wave  generator  network  for  the  signal 
processing  electronics  was  described  earlier  with  the  similar  one  under 
LED  Drive  and  Control  Loop, 
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6. 1.4. 2. 6 Digital  I'anol  Motc-rs 
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The  output  siniials  from  die  filters  on  ti-o  thr-e  channel  hoards  B3 
are  applied  to  terminals  J4-i3  on  the  panel  meters  located  on  the  chassis. 
Three  analog  to  digital  panel  meters  (one  per  darnel)  are  emploved  for 
the  purpose  of  monitoring  the  angular  difference  between  the  transmitter 
and  the  receiver.  Tlic  model  numhor  is  AN25'*'j,  a product  of  AnaJoeic.  'Hie 
accuracy  is  0.017,  at  23  degrees  cciuegrade.  The  display  has  five  digits 
with  provisions  for  progransnehle  decimal  point  selection.  Operating  temp- 
erature range  is  -lO^C  to  +43°(!.  Suppl>-  voltage  is  li7  volts,  30'A0  Hz. 

6 . 1 . 4 . 3 Purchased  Subassemblies 

6. 1.4.3. 1 Oscillator 

The  oscillator  provides  three  interlocked  frequencies  of  "23  Hz,  1850 
Hz,  and  3700  Hz  all  derived  from  the  same  tuning  fork  source.  The  eiect-i- 
cal  specifications  are  as  follows; 

Output.  Frequency  Accuracy;  j;  17- 

Output  Frequency  Stability  vs  Temp;  + .17.  (-20^0  to  -^60*^C) 

Output  Frequency  Stahilliy  vs  Time;  + .Ki'year 
Operating  Temperature  P,ange;  -20^C  to  +60'^C 

Output  Wave  Shape:  Each  output  shall  have  less  than  17,  distortion 
■\  Output  Wave  Shape  Stability  vs  Temp;  Each  output  waveform  shall 

remain  constant  in  amplitude  within  j,  0.  IZ  (•20°C  to  ■‘■60^0 
Osjtput  Wave  Shape  Stability  vs  Time;  Each  output  waveform  shall 
rensttln  constant  in  amplittide  within  * . 17,'year 
Oscillator  Supply  Voltage;  + 7’j  VOC 
Oscillator  Power  Consumption;  As  small  as  practical 
IffBF  » 0.5  X 10  exp  + 6 hrs. 

Useful  life  ® 10,000  hrs.  min. 

6. 1.4. 5. 2 Power  Supply 

Tlie  power  supply  has  the  following  electrical  specifications; 

Input:  +23  Co  + 34  VDC  with  3+56  volt  transient  for  10  microseconds 
at  a race  of  five  per  second  as  defined  in  MII.-E -8983B,  Section 
328.  NOTE;  Chrysler  is  to  provide  the  negative  ,rotecCiot5  fc,. 
the  addition  of  a 10  microfarad  capacitor  across  the  input  linos 
along  w,lth  a series  diode  with  a breakdown  voltage  not  less  than 
100  VDC, 

Outputs:  The  following  voltages  the  following  individual  circuit 

capability  shall  be  provided  while  maintaining  a maxinum  30 
watts  at  40^C  or  25  watts  at  100*^C  case  temperature  from  all 
four  outputs. 
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ISV  ‘1  7.002  Watts 

- IW  7.902  Watts 

+ 7.9  V 17.184  Watts 

- 7.5  V {«  3.684  Watts 


Efficiency:  Approximately  557.  at  rated  load  and  507. 

at  one-third  the  above  rated  loads. 


Ripple:  100  milivolts  peak  to  peak. 
MTBF  = 4.35  X 10  exp  + 6 hours  min. 
Useful  life  ” 10,000  hrs  nin . 

Wiring  Dlaarani  and  Circuit  Board  Layouts 


Figure  6.1-4  shows  the  complete  wiring  diagram  for  the  electronic, 
unit  and  the  interconnecting  cables  for  the  transmitter  and  receiver  units. 
The  circuit  board  layouts  with  the  major  components  indicated  by  the 
reference  numbers  from  the  electronic  schematic  diagrams  are  shown  in 
Figures  6.1-2  and  6.1-3. 
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().2  ADv'ANci'ir  urkadboard  OPTICAL  i)i-;siaN 


6.2.)  Transmi  (.ter 

The  transmitter  optical  desi(>ii  is  sliown  in  figure  6.2-1.  A simple 
col  littator  is  required  to  image  the  light  emitting  area  of  the  LED  at 
infinity.  The  focal  length  of  the  collimator  is  adjusted  to  provide  the 
desired  field  of  view  (FOV)  or  angular  beam  spread.  The  design  is  some- 
I'hat  complicated  bv  the  fact  that  as  a unit,  the  LED's  are  not  Lambertian 
emitters,  and  the  brightness  or  intensity  as  a function  of  angle  of  emiss- 
ion differs  greatly  from  unit  to  unit.  Also,  it  has  been  found  that  the 
emitting  area  is  not  of  uniform  brightness.  Dark  spots  are  not  uncommon. 

An  objective  lens  is  used  to  collimate  the  light  emitted  from  the 
LED.  One-half  of  the  light  from  each  LED  is  transmitted  in  the  appropri- 
at.e  polarization  mode,  by  the  Wollaston  Prism.  Tins  linearly  polarized 
light  is  then  changed  to  circular  by  the  quarter  wave  plate.  The  light 
from  one  LED  is  right-hand  circularly  polarized  as  it  leaves  the  quarter 
wave  plate,  while  the  liglit  from  the  alternate  LED  is  left-hand  circularly 
polarized  as  it  leaves  the  wave  plate.  These  two  light  forms  are  then 
changed  to  elliptical  as  they  pass  through  the  angle  sensing  crystal  (ASC) . 

In  the  previous  phase  a single  collimating  lens  was  used  for  the  two 
LED'ii  as  shown  in  figure  6-2-la.  However,  in  the  present  phase  three 
different  LED's  were  found  which  have  a higher  output  power.  Consequently, 
after  some  laboratory  testing,  these  new  LED's  were  selected  for  the  flight 
model  design.  The  new  LED's,  however,  have  a smaller  effective  emitting 
area  than  the  previous  LED's  and  therefore  require  a shorter  focal  length 
collinuting  lens  for  the  maximum  beam  intensity.  The  optimum  lens  as  de- 
tenrined  from  laboratory  measurements  was  a lens  of  approximately  12.0 
inillinieters  focal  length.  The  lens  is  aspheric  plano-convex  and  corrected 
for  minimum  spherical  aberration.  This  focal  length  is  much  too  short  to 
use  In  the  configuration  of  6.2-la,  because  of  the  mechanical  contraints 
imposed  by  the  physical  dimensions  of  the  LED's  and  their  holders.  There- 
fore, 1 separate  lens  is  required  for  each  LED  as  shown  in  figure  6.2-lb. 
Further  details  of  this  configuration  are  shown  in  the  section  on  the 
optical  design  of  the  flight  model  transmitter,  section  7.2.1. 

It  was  decided  to  incorporate  this  collimating  lens  modification  into 
one  of  the  present  channels.  The  pitch  channel  was  selected  for  this  modi- 
fi.cfition.  The  pitch  channels  conform  to  figure  7. 2 -lb  and  the  yaw  channels 
conform  to  figure  7.2-la.  The  roll  channel  is  also  similar  to  figure 
7.2-la  but  with  the  omission  of  the  angle  sensing  crystal.  The  improve- 
ments of  the  double  collimating  lens  system  over  the  single  lens  system 
are  shown  in  Table  6.2-1. 
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TABl.K  r,.2-l 


COI.IJM/MKI)  I.Tnirr  OtlTIMrr  WTT!I  various  lens 
rei/lTive  peak  oiiTPiri' 


I.ED 

12  mm  Asplieric 

1 5 mm 

20  mm 

SL11-19B(M) 

419 

210 

269 

ELH-19B(N) 

529 

281 

349 

SLH-20A(N) 

319 

139 

170 

SLU-20D(N) 

659 

249 

322 

SL-U62-3#1 

659 

381 

495 

SL-1162-3(/3 

517 

537 

709 

In  every  case  hut  one  the  maximum  output  was  greatest  using  the 
12  mm  aspheric  lens  with  each  LED.  A possible  explanation  Is  that  spher- 
ical aberration  of  the  15  mm  lens  (which  is  f/1)  is  greater  than  that  of 
the  20  mm  lens  and  that  the  12  mm  aspheric  has  the  best  correction  for 
sperlcal  aberration. 

Tlie  output  of  tlio  SLll-19  and  -20s  are  very  nearly  Lambertian  while 
the  SL1162-3  LEDs  are  more  directional.  They  have  a reflector  placed 
near  tlio  emitting  element  which  accounts  for  the  "shoulders"  in  the  in- 
tensity output  plots  (Typical  plots  are  shown  in  Figure  7.1-6).  The  fact 
that  the  output  of  the  (13  SL  1162-3  with  the  three  lenses  is  not  greatest 
with  the  12  mm  lens  may  be  due  to  this  LED  having  a narrower  angular  out- 
put and  the  faster  lens  is  not  intercepting  any  more  light  as  in  the  case 
of  the  other  LED  types. 

The  required  field -of-view  of  1.1  degrees  was  met  or  exceeded  in 
every  case. 

Mechanically,  the  eccentric  mounting  adjustment  for  the  LED  was  rerwvcd 
because  of:  1)  the  new  LEDs  had  improved  manufacturers  mechanical  tolerances 
of  positioning  the  active  area  and  2)  shorter  focal  length  lens  were  necessary 
to  increase  collection  efficiency,  but  would  amplify  the  eccentricities.  The 
new  lens  collimating  system  was  Incorporated  in  the  pitch  channel.  The 
eccentric  mounting  is  also  removed  from  all  of  the  channels  in  the  flight 
model  design. 

Table  6.2-2  is  a listing  of  the  components  of  the  transmitter  and 
their  specifications. 

6.2.2  Receiver 


Tlie  receiver  optical  design  ic  shown  in  figure  6.2-2  and  table  6.2-3 
which  gives  the  dimensions  of  the  elements.  The  first  clement  is  the  angle 
sensing  crystal  (ASC) . This  element  is  omitted  in  the  roll  channel  and  is 
replaced  by  a plane  window.  The  angle  sensing  crystal  is  two  millimeters 
thick,  whicli  provides  an  optical  gain  at  the  nominal  system  wave- 
length. (Tlic  gain  docs  not  vary  significantly  over  the  different  channel 
wavelengths).  Tlie  Wollaston  prism  is  next,  followed  by  an  interference 
filter.  Off-the-shelf  filters  were  selected  for  each  channel  such  that  the 
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All  optics  are  coated  for  less  than  1.55S  refiectivi 


All  optics  are  coated  for  less 


t r.'nismi  ss  i on  versus  wn  vel  fn;-t  li  chn  i act  eri  si  i cs  provide''i  t lie  least  cross 
coiiplinji  hef'ween  clinnnels.  The  cleineo,.s  up  to  and  iricluding  ih'j  filter 
are  plane-parallel  cumponents  havinR  zero  power  and  do  nor  enter  si  -mfi- 
cantlv  into  (be  optical  desi>»n. 

The  system  stop  is  located  at  the  first  siiifacc  of  the  instrument 
faceplate.  It  is  approximately  13.0  millimeters  in  front  of  the  Angle 
Sensing  Crystal.  Subsequent  rav  trace  calculations  have  shown  that  place- 
ment of  Che  stop  at  the  first  surface  of  the  Wollaston  Prism  will  signifi- 
cantly reduce  vignetting  a'-'*  reduce  channel  cross  coupling  particularly 
in  translation.  The  stop  hag  been  repositioned  in  the  flight  model  design. 

The  optical  detectors  are  RCA  C30852  single-element  silicon  photo- 
voltaic photodiodes.  The  detectors  are  positioned  slightly  eway  from  the 
objective  lens  focal  plane.  Py  slightly  diffusing  cu**  light  spot  on  the 
detector  local  v'srlfl*'ons  of  responsivity  across  the  detector  can  be 
reduced 


6.3  MF.CliAWICAL  I'/FSIGN 


6.3.1  Mechanical  Dcsinn  - General 

Three  assemblies  are  required  for  the  sensor,  a transmitter,  a 
receiver  and  electronic  unit,  Che  units  being  positioned  remote  to  each 
other  as  shown  in  figure  6.3-1.  n>e  transmitter  and  receiver  mechanical 
assemblies  are  shown  in  figures  6.3-2  and  6.3-3.  These  assemblies  each 
contain  an  optical  package  and  an  electronics  package;  the  electronics 
package  can  be  removed  from  the  optical  package  without  changing  any  opti- 
cal component  alignment. 

The  transmitter  and  receiver  assemblies  are  hermetically  sealed 
and  the  sealed  containers  will  be  purged  with  an  inert  gas  prior  to  fill- 
ing to  a low  pressure.  Tlierefore,  components  of  the  transmitter  and  re- 
ceiver assemblies  would  not  be  exposed  to  space  vacuum  conditions.  This 
will  prevent  outgassing  from  surrounding  components  or  from  the  optical  coi- 
ponents  themselves  from  affecting  the  quality  of  the  optical  components. 
Outgassing  on  lens  and  angle  sensing  crystal  faces  would  cause  image  blur 
and  light  transmission  loss. 

Tne  reference  surfaces  (optical)  are  aligned  uitr.  an  autocollimator 
for  the  transmitter  and  receiver  assemblies.  The  two  assemblies  are  clamp- 
ed to  their  respective  reference  platforms  or  positions,  and  autocollimated 
to  each  other  to  give  a parallelism  accuracy  between  the  reference  surfaces 
of  +0.001  inch . 

Tlie  required  thermal  stability  that  is  necessary  to  obtain  the  accuracy 
ot  alignment  is  provided  in  the  mechanical  and  structural  configuration. 

This  configuration  has  characteristic.s  that  allow  a single  unit  construction 
matching  capability.  The  multi -component  mounts  are  positioned  in  cylindri- 
cal holders  to  ease  the  optical  axis  alignment  problem.  The  thermal  con- 
trol of  the  sensor  is  accomplished  by  passive  methods  using  the  structural 
material  (aluminum  alley)  and,  if  needed,  thermal  coatings  to  give  the  de- 
sired amount  of  conduction  and  radiation  as  a means  of  heat  transfer. 

The  angle  sensing  crystals  which  are  the  critical  optical  elements 
are  so  constructed  that  the  two  axes  that  ere  90®  apart  have  the  same 
thermal  gradient.  Therefore,  the  temperature  range  requirement  will  have 
no  • ffect  on  the  angle  sensing  crystal  measuring  stability,  provided  that 
the  .elements  of  the  angle  sensing  crystal  are  mounted  together.  This 
assures  a uniform  distribution  of  temperature 

6.3.2  Transmitter  Design 

The  main  transmitter  housing  is  bored  out  from  a one  piece  block  of 
aluminum,  into  which  the  angle  sensing  crystals  are  hard  mounted  for  the 
three  channels.  Tl<e  shoulder,  to  which  the  angle  sensing  crystals  are 
butted,  have  been  machined  and  lapped  to  8-12  micro  Inches,  into  this 
shoulder  is  the  "0"  ring  groove  which  allows  the  compression  of  the  "0"  to 
completely  fill  the  volume  of  the  groove  when  the  e-igle  sensing  crystal 
bottoms  on  the  housing  shoulder.  Behind  the  angle  sensing  crystal  is  the 
quarter  wave  place,  spaced  between  these  elements  is  a teflon  shim  or  washer. 
This  subassembly  is  clamped  together  by  a threaded  lock  ring.  The  complete 
assembly  is  backed  up  by  a wave  spring  washer.  The  asmount  of  compression 
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that  is  applied  to  the  complete  assembly  throut-h  the  wave  spring  washer 
allows  the  angle  sensing  crystal  to  bottom  onto  the  lapped  surface  of 
the  main  housing.  This  pre-assembled  unit  is  positioned  in  the  main 
housing  and  locked  in  position  with  screws,  using  dowel  pins  as  guides, 
against  the  hack  lace  of  the  main  housing.  The  Wollaston,  collimating 
lens  and  light  source  are  a pre-aligncd  assembly  unit  and  are  positioned 
in  the  main  housing  by  pressure  from  a wave  spring  washer  and  a lock 
ring.  The  angle  sensing  crystal  is  also  held  in  position  by  the  load 
applied  by  the  wave  spring  washer  and  the  front  mounting  plate.  One  of 
the  assemblies,  with  its  an  le  sensing  crystal  and  quarter  wave  place, 
is  used  for  each  of  the  lateral  axes  (see  figure  6.3-2).  This  assembly 
has  provision  to  align  the  Viollaston  prism,  collimating  lens  and  the 
light  emitting  diodes  (LEDs).  This  mechanical  adjustment  is  required 
to  al?ow  for  to|^erances  in  the  Wollaston  divergence  angle  (off-the-shelf 
Wollaston  have  - 2*^  tolerance  on  divergence  angles).  The  adjustments 
for  the  Wollaston  prism  are  line  ol  sight  positioning  and  *'oll.  The  LED 
and  its  collimating  lens  have  mechanical  movement  adjustments  relative 
to  each  other.  The  collimating  lens  is  used  as  the  fixed  reference, 
and  the  LED  can  be  adjusted  along  the  line  of  sight  for  f'^cusing  the 
collimating  lens  on  the  light  emitting  area  in  the  LED.  The  light  emit- 
ting area  is  not  necessarily  equally  spaced  around  the  mechanical  center 
line;  to  adjust  for  this  the  LED  is  mounted  in  two  eccentric  sleeves. 

This  allows  the  LED  to  he  rotated  until  the  light  emitting  area  center- 
line  is  positioned  on  the  optical  axis.  When  the  adjustments  have  been 
completed,  a sleeve  and  jam  nut  lock  the  assembly  in  position.  The 
LEDs  are  mounted  directly  in  a special  sleeve  that  will  allow  the  heat 
generated  to  be  conducted  away  to  the  main  housing. 

6.3.3  Receiver  Design 

Tl.c  nain  receiver  housing  is  bored  out  from  a one  piece  block  of 
aluminum,  into  which  the  angle  sensing  crystals  are  hard  mounted  for  cha 
three  channels  (figure  6.3-2).  The  shoulder  for  the  angle  sensing  crystal 
is  machined  and  lapped  to  8 - 12  micro  inches;  into  this  shoulder  is  the 
"0"  ring  groove  which  allows  the  compression  of  the  "0"  ring  to  completely 
fill  the  volume  of  the  groove  when  the  angle  sensing  crystal  bottoms  on  the 
housing  shoulder.  This  sub-assembly  is  clamped  together  by  a threaded 
lock  ring,  'liis  complete  assembly  is  backed-up  by  a wave  spring  vrtisher. 

The  amount  of  compression  chat  is  applieo  Co  the  complete  assembly,  through 
the  wave  spring  washer  to  allow  the  angle  sensing  crystal  to  bottom  onto 
the  lapped  surface  of  the  main  housing,  is  provided  by  the  housing  of  Che 
sub-assembly  holding  the  Wollaston  prism,  objectives  lens,  field  stop,  and 
detection  and  its  field  lens.  Tliis  pre-assemnled  unit  is  positioned  in 
the  main  housing.  It  is  locked  in  position  with  screws,  using  dowel  pins 
as  guides,  against  the  back  face  of  the  main  housing.  The  wave  spring 
washer  is  compressed  to  give  the  a»,gle  sensing  crystal  the  hard  mounting 
against  the  lapped  surface.  One  of  ti.ose  assemblies  with  its  angle  sensing 
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crystal  is  used  for  each  oi  the  lateral  axes',  see  figure  6.'J-:3.  The 
assemhlv  has  provision  to  align  the  prism  with  its  ohjectlve  lens  to 
th'»  detector  and  its  field  lens.  This  mecha.iica!  adiustmenl  is  required 
to  allow  for  tolerances  in  the  prism  divergence  angle  (off-the-shelf 
Wollaston  prisms  have  + 2°  tolerance  on  divergence  angles).  The  adjusi- 
ments  for  the  Wollaston  prism  and  its  obier.tive  lens  are  axial  and  toll. 

The  detector  and  its  field  lens  have  mechanical  adjustments  for 
movement  relative  to  each  other.  The  field  lens  is  used  as  the  fixed 
reference,  and  the  detector  can  be  adjusted  along  the  line  of  sight  for 
focusing  the  field  lens  on  the  active  area  of  the  detectot . The  active 
area  is  not  necessarily  equclly  spaced  around  the  mechanical  center 
line.  To  adjust  fot  this  the  detector  is  mounted  in  two  eccentric  sleeves. 
This  allows  the  detector  to  be  rotated  until  the  active  area  center  line 
is  positioned  on  the  optical  axis.  When  the  ad justi.^enta  have  been  com- 
pleted, a sleeve  and  jam  ni:t  lock  tlse  assembly  in  position. 
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7.1  FI.IGHT  MODEL  ELECTRONIC  DESIGN 

The  electronic  circuits  ft  - the  fli>>ht  model  OAMS  will  be  the  same 
as  for  the  advanced  brassboard.  Schematics  are  sliown  in  Figures  6.1-2  and 

6.1- 3.  Tlie  circuit  lavout  and  number  of  printed  circuit  cards  will  of 

course  be  different  than  shown  on  the  scliematics  for  the  advanced  brass- 
board.  Components,  to  he  discussed  later,  will  be  the  same  type  with  the 
onlv  difference  hein^  that  flight  model  parts  will  be  screened  to  a high 
reliability  level.  Tlic  digital  panel  meters  used  for  visual  readout  on 
the  advanced  brassboard  will  not  he  present  on  the  flight  model  OAMS.  The 
channel  outputs  will  be  available  for  use  in  analog  form. 

The  OAMS  electronic  package  shown  in  Figure7.1-1  will  contain  three 
similar  printed  circuit  cards,  one  for  each  channel.  Mounted  toward  the 
rear  or  tne  end  containing  electrical  connectors  will  be  the  power  supply, 
the  oscMlator  and  an  electrolytic  capacitor  for  the  power  supply.  Power 
transistors  for  the  LED  drivers  are  mounted  on  the  chassis  at  the  rear  and 
use  the-  package  container  itself  for  heat  dissipation.  A preliminary  com- 
ponent layout  for  the  printed  circuit  cards  is  shown  on  this  drawing  along 
with  preliminary  package  components. 

An  assembly  showing  the  electronic  package,  transmitter  and  receiver 
and  connecting  cables  is  shown  in  Figure  7.1-2  for  a base  mount  and  in  figure 

7.1- 3  for  a back  mount.  Connector  identification  is  shown  on  the  package. 

Located  in  the  receiver  will  be  the  detector.s  and  their  preamplifiers. 
This  results  in  a reduction  in  noise  pickup  since  the  preamplifiers  are 
mounted  next  to  the  detectors  and  also  a reduction  in  noise  pickup  on  the 
output  cables  due  Co  the  low  output  impedance  of  the  preamplifiers.  The 
metal  container  Itself  is  a good  shield  for  these  components  where  it  is 
necessary  for  noise  to  be  a minimum. 

All  electronic  components  for  the  flight  model  OAMS  system  are 
either  established  reliability  parts  or  where  none  were  available  they 
are  commercial  parts  tested  to  the  appropriate  military  specifications. 

Tlie  power  supply  and  oscillator  subassemblies  meet  also  the  appropriate 
military  specifications  along  with  their  internal  individual  components. 
Specifications  for  the  parts  ere  given  in  the  following  subsection. 
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7.1.1  Specifications  of  Components 

integrated  circuits,  OP-AMPS,  PMI  0P07-068J 

MIL-M- 38510  Equivalent  as  follows: 

Screened  to  MIL-STD-883A,  Level  A with  the  exception  of  "A"  visual 
which  will  be  to  Level  "B"  and  consequently  Hong  Kong  assembly. 

SEM  not  included . 

SAMSO-STD  73-2C  SCREENING  REQUIREMENTS 

Internal  (Precap)  Visual  Examination 

Parameter 

Acceleration 

Hermetic  Seal 

High  Temp  Reverse  Bias 

High  Temp  Storage/Stab 

Power  Bum  in /Stab 

Temp  cycle/thermal  shock 

Radiographic  inspection 

Radiation 

Scanning  electron  microscope 
External  Visual  Examination 
Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 
Particle  Impact  Noise  Detection  (FIND) 

Exceptions  to  SAMSO-STD  73-2C  Screening  Requirement 

High  Temp  Reverse  Bias 
Radiation  (Nuclear) 

Scanning  Electron  Microscope  (SEM) 

Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 

DESC  Approved 


MODULE,  ANALOG  DIVIDER,  COMMERCIAL  DEVICE  WITH  SPECIAL  SCREENING. 
MIL-M-38310  Equivalent  as  follows: 

Screened  to  MIL-STO-883A,  Level  "A"  as  follows: 

1)  Bake 

2)  Temp  Cycle 

3)  Visual 

4>  Serllixation 

5)  Electricals  at  25°C 

6)  Bum -in 
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7)  Kleclricals  at  25  C,  Min  and  Max  Temps. 

8)  X-Ray 

9)  Visual 


Exceptions: 


Acceleration 

Seal 

High  Temp  Reverse  Bias 

Noise  and  Bandwidth  will  not  be  performed  during  electricals. 

A waiver  letter  for  this  device  was  sent  to  SAMSO  23  November  1976. 

SAMSO-STD  73-2C  Screening  Requirements: 

Internal  (Precap)  Visual  Examination 
Parameter  (Active) 

Acce  Herat  ion 

Hermetic  Seal 

High  Temp  Storage/Stab 

Power  Burn  in/Stab 

Temp  Cycle/Thermal  Shock 

Radiographic  Inspection 

Radiation 

Scanning  Electron  Microscope 
External  Visual  Examination 
Destructive  Pl.ysical  Analysis 
Internal  Lead  Pull  Test 
Particle  Impact  Noise  Detection  (FIND) 

Exceptions  to  SAMSO-STD  73-2C  Screening  Requirements 

Accel 

Hermetic  Seal 
Radiation  (Nuclear) 

Scanning  Electron  Microscope  (SEM) 

Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 

DESC  Approved 


SUBASSEMBLY,  SPECIAL  OSCILLATOR,  BULLOVA 

MIL-M-38510  Class  A as  applicable  Monolithic  Devices 

MIL-STD-883  Class  A as  applicable  Monolithic  Devices 

lfIL-E’‘8983B  as  applicable  Electronic  Equip,  for  Unmanned  Space  Vehicles 

MIL-S- 19500  as  applicable  Semiconductors 
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Failure  rate  "S"  for  resistors  and  capacitors. 

Equlvalen  of  these  specification  is  acceptable 

Screening  to  SAMSO-STD  73-2C  for  components  in  the  oscillator  will  be 
the  same  as  for  parts  used  by  Chrysler. 

SUBASSEMBLY,  POWER  SUPR-Y,  POWER  CUBE 

MIL-M- 38510  Class  A Monolithic  Devices 

MIL-STD-883  Class  A Monolithic  Devices 

Failure  Rate  "S"  for  resistors  and  capacitors. 

JANTXV  For  Semiconductors. 

Equivalent  of  these  specifications  is  acceptable. 

Screening  to  SAMSO-STD  73-2C  for  Components  in  this  power  supply  will 
be  the  same  as  for  parts  used  by  Chrysler. 

Resistors,  1 watt,  RNC75EXKaBS 

MIL-R-55182E/10 

Resistors,  watt,  RNCbSEXXXXBS 
MIL-R-55182E/5 

SAMSO-STD  73-2C  SCREENING  REQUIREMENTS 

DC  Resistance 

Hermetic  Seal 

Temp  Cycle/Thermal  Shock 

Power  Voltage  Conditioning 

Overload 

Radiographic  Inspection 
External  Visual  Examination 

Exceptions  to  SAMSO-STD  73-2C 

Power  Voltage  Conditioning 
Radiographic  Inspection 

DESC  Approved 


CAPACITORS,  CERAMIC  DIELECTRIC 
MIL-C-11015/12 


SAMSO-STl)  7j-2(;  Strcctiinu  Requir-  i-nLS 

TnLernal  (Precap'j  Visual  Examination 

Capaci tance 

Insulation  Resistance 

Power/Dissipation  Kactor/Q 

Temp  Cycle/Tlverm  Shock 

Power  Voltage  Conditioning 

De-Aging 

Radiographic  Inspection 
External  Visual  Examination 
Destructive  Pliysical  Analysis 

Exceptions  to  SAMSO-STD  73-2C  Screening  Requirements 

Internal  (Precap)  Visual  Examination 
Thermal  Shock 
Power  Voltage  Conditioning 
De-Aging 

Radiographic  Inspection 
Destructive  R\ysical  Analysis 

DESC  Approved 


CAPACITORS,  MICA  DIELECTRIC 
MIL-C-39C01/5 

SAhBO-STD  73-2C  Screening  Requirements 
Capacitance 

Dielectric  Withstanding  Volcege 
Insulation  Resistance 
Power/Dissipation  Pactor/Q 
Hermetic  Seal 
Temp  Cycle/Therm  Shock 
Power  Voltage  Conditioning 
External  Visual  Examination 
Destructive  Physical  Analysis 

Exceptions  to  SAMSO-STD  73-2C  Screening  Riequlrements 

Hermetic  Seal 

Power  Voltage  Conditioning 
Destructive  Physical  Analysis 

DESC  Approved 
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CAPACITOPS,  METALLlZEn  POI.YCARBONATF 
KIL-C-5‘>'>lM/4 


SAMSO-STD  73“2C  Screening  Requirements 

Csp«citance 
Insulation  Resistance 
Power/Diasipation  Factor/Q 
Temp.  Coefficient 
Hermetic  Seal 
Temp  Cycle/Ther.n  Shock 
Power  Vo 1 tags  Conditioning 
Radiographic  Inspection 
External  Visual  Examination 

Exceptions  to  SAMSO-STD  73-2C  Screening  R'iqui remen ts 

Temp  Coefficient 
Hermetic  Seal 

Power  Voltaga  Conditioning 
Radiographic  Inspection 

DESC  Approved 


CAPACITORS,  SOLID  TAOTALUM 
MIL -C- 39003./ 1 

SAKSO-STO  73  *20  Screening  Kequirejiente 

Capacitance 
DC  Leakagx 

Power/Diasipation  Factor/Q 
HeriMtlc  Seal 
Temp  Cyclc/Therm  Shock 
Power  Voltage  Conditioning 
R&diogrnphic  Inspection 
External  Visual  Exaninatlon 
Destructlva  Physical  Analysis 

Exceptions  to  SAMSO«STD  73-2C  Screening  Requirements 

Hermetic  Seal 

Power  Voltage  Conditioning 
Destructive  Physical  Analysis 


MS.C  ALpreved 


CAPACITOR,  ALUMINUM  ELECTROLYTIC 
MIL-C-39018/3 

Not  included  in  SAMSO-STD  Ti-lC  Screening  Metrix 

DESC  Approved  by  Telecon  but  Limited  Application  for  SAMSO. 


1.  Comparator,  National  Semiconductor  LM119D/883 

2.  Voltage  Reference,  National  Semiconductor  LM199AH-20/883 

MIL-M- 38510  Class  A Equiv.  with  exception  that  will  not  be  processed 
to  Notice  2 of  MIL-STD-883  Class  A 

SAMSO-STD  73-2C  Screening  Requirements 

Internal  (Precap)  Visual  Examination 

Parameter 

Acceleraf'  "n 

Hermetic  Seal 

High  Temp  Reverise  Bias 

High  Temp  Storage/Stab 

Power  Burn  In/Stab 

Temp  Cycle/Thermal  Shock 

Radiographic  Inspection 

Radiation 

Scanning  Electron  Microscope 
External  Visual  Examination 
Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 
Particle  Impact  Noise  Detection  (PIND) 

Exceptions  to  SA^O-STD  73-2C  Screening  Requirements 

High  Temp  P.everoe  Bias 
Radiation  (Nuclear) 

Scanning  Electron  Microscope  (SEM) 

Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 

DESC  Approved 

Transistor,  Signal;  JANrXV2H3057A 
MIL-S-19500/391 

Transistor,  Chopper;  jAIfrxv2H2432A 
MIL-S-19500/313 
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Transistor,  Medium  Power;  JAin‘XV2N3756 
MIL-S-19500/518 

SAMSO'STR  73-2C  Screening  Requirements 

Internal  (Precap)  Visual  Examination 
Parameter  (Active) 

Acceleration 

Hermetic  Seal 

High  Temp  Reverse  Bias 

High  Temp  b‘'orage/Stab 

Power  Bum-in/Stab 

Temp  Cycle/Therm  Shock 

Particle  Impact  Noi'se  Detection  (PIND) 

Radiographic  Inspection 

External  Visual  Examination 

Destructive  Physical  Analysis 

Internal  Lead  ^11  Test 

Exceptions  to  SAMSO-STD  73-2C  Screening  Procedures 

High  Temp  Reverse  Bias 
Radiographic  Inspection 
External  Visual  Examination 
Destructive  Physical  Analysis 
Internal  Lead  Pull  Test 

Exceptions  to  SAjeO-STD  73-2vJ  Screening  Procedures 

High  Temp  Reverse  Bias 
Radiographic  Inspection 
Destructive  Physical  Analysis 

DESC  Approved 


Diodes,  Signal:  JAjrrXVIN4153 
MIL’S- 19500/337 

Diodes,  Rectifier:  jANrXVIN56l3 
MIL-S-19500/427 

SAMSO-STD  73-2C  Screening  Requirements: 

Internal  (Precap)  Visual  Exasilnation 
Paxaamter  (Active) 

Acceleration 

Reimetic  Seal 

Higli  Temp  Storage/Stab 


I’lTwer  Burn-  n/Stah 
Tcnip  Cvcl  o ' 'liorni  Slioi  l 
Radiot’.raphi*  Inspection 
Externa’  Visual  Examination 
Destructive  Physical  Analysis 

Exceptions  to  SAMSO-STD  73-2C  Screening  Requirements 

Radiographic  Inspection 
Destructive  Physical  Analysis 

ELECTRICAL  CONNECTOR,  PYGMY,  MS31 UH-^and  M53116F-- 

MIL-C-26482 

To  be  approved  by  DESC 

P.C.  CONNECTORS 

MIL-C-55302/57A 

MIL-C-55302/58B 

DESC  Recommended  by  Telecon 

HOOK  UP  WIRE,  22  AWG 

MIL -W-8 1044/4 

DESC  Recommended  by  Telecon 

SHIELDED  CABLE,  LOW  CAPACITANCE,  TWO  CONDUCTOR,  EC22U9-0STX 
MIL-C-55021/2 

COAXIAL  CABLE,  MINIATURE,  M2750028MBITIO 
MIL-C-27500 

DESC  Recommended  by  Telecon 


DETECTOR,  SILICON  PHOTO  DIOL'EE,  RCA  C30852 
Screened  to  HIL-STD-SCSA  as  follows; 


1)  Method  2002.1  Cond.  D 

2)  Method  2005  Cond.  B 

3)  Method  1010.1  Cond.  B 

4)  Method  2001.1,  Y1  Axis  only,  Cond.  D. 

5)  Method  1014.1  Cond.  B,  C1,C2 
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LED,  GaAs,  T. 
LED,  GaAlAs  T 
LED,  GaAlAs  T 


SL-1162-4 
I.  SLH-19 
I.  SLH-20 


Screened  to  MIL-STD-750  Methods  2005  and  4011.  Mechanical  shock  and 
random  vibration  in  accordance  with  prime  item  development  specification 
CEI  No.  73-6,  Release  Date  June  30,  1975. 
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7.2  FLIGHT  MODEL  01*T1C-\L  DESICiN  | 

7.2.1  Transmitter  Optical  l)eslv>n  - General  ^ 

Tl>e  OAMS  transmitter  design  is  shown  in  ri>>uros  7.2-la  and  7.2-lb.. 

Figure  7.2-la  illustrates  the  optical  design  of  the  roll  transmitter  anc  j 

figure  7.2-lb  that  of  the  pitch  and  ya*.;  transmitter  channels.  The  light  ' 

from  the  two  LED's  is  collimated  by  the  two  aspheric  collimating  lenses. 

The  focal  length  of  the  lenses  is  chosen  with  respect  to  the  effective 
LED  emitting  area  such  that  the  total  beam  spread  is  approximately  1.1 
degrees  in  diameter.  i 

The  light  emitted  by  the  LED  is  non-polarized . One-half  of  the 
light  in  the  appropriate  polarization  mode  is  transmitted  by  the  Wollaston 
Priam.  Two  orthogonally  polarized  and  coincident  beams  exit  from  the 
Wollaston  Prism.  The  other  polarization  forms,  l.e.  the  other  half  of  the 
light  from  each  LED,  exits  the  Wollaston  Prism  20°  from  the  axis  and  is  t 

absorbed  by  the  transmitter  walls.  This  light  is  lost  and  does  not  leave 
the  transmitter.  ' 


The  axis  of  the  Wollaston  Prism  and  therefore  the  direction  of  J 

polarization  of  the  emitted  light  from  the  Roll  transmitter  are  fixed  i 

relative  to  the  transmitter  body.  This  direction  is  the  reference  from 
which  the  twist  or  roll  of  the  receiver  is  measured.  j 

i 

The  two  lateral  channels,  Pitch  and  Yaw,  are  similar  to  the  Roll 
channels  with  the  addition  of  two  other  components:  the  quarter  wave  plate 
and  the  Angle  Sensing  Crystal.  These  components  appear  in  each  of  the 
lateral  channels  and  are  used  to  define  a reference  axis  for  each  channel 
about  which  pitch  or  yaw  is  measured. 

The  quarter  wave  plate  changes  the  linear  polarized  light  into 
circularly  polarized  light.  Since  the  light  from  each  of  the  LED's  is 
mutually  orthogonal,  the  light  from  one  LED  is  right-hand  circularly  j 

polarized  as  it  leaves  the  quarter  wave  plate,  while  the  light  from  the  j 

alternate  LED  is  left-hand  circularly  polarized.  The  system  is  modulated 
by  sinusoidally  varying  the  intensities  of  the  LED's,  with  each  LET  ig  | 

HKidulated  180  degrees  out  of  phase  with  the  other.  I 


The  Angle  Sensing  Crystal,  ASC,  encodes  the  light  with  respect  to 
its  direction  within  the  1.1  degree  beam  spread.  The  Angle  Sensing  Crystal 
behaves  as  a wave  plate  or  optical  retarder  in  which  the  retardation  is  a 
funccion  of  the  angle  of  incidence  on  the  crystal.  Tlie  light  within  the 
center  of  the  transmitter  beam  enters  che  Angle  Sensing  Crystal  at  normal 
incidence  and  is  unchanged.  This  light  leaves  the  transmitter  circularly 
polarized.  Elsewhere,  within  the  1.1  degree  beam  spread  the  light  strikes 
tha  Angle  Sensing  Crystal  at  a non-nomal  angle  of  incidence,  and  its 
polarization  state  is  altered.  The  llgnt  becomes  more  and  more  elliptic- 
ally  polarized  toward  the  edge  of  the  beam. 


1 
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WOllASTON  PRISM 


collimating  lens 


Figure  7.2-1^.  OAMS  Flight  Model  Optical  Design  - Roll  Channel  Transmitter. 


I 


Figure  7.2-lb.  OAMS  Flight  Ifedel  Optical  D«ii{?i  - Lateral  Channel  Transmitter 


Figure  7.2-2  illustrates  the  results  of  rav  trace  calculations. 

In  the  rav  trace  five  equally  spiiced  rays  are  shown  coming  from  the 
LED  source.  At  the  Wollaston  Prism  each  of  the.se  rays  is  split  into  its 
two  polarization  forms.  One  of  the  polarization  forms  is  refracted  along 
the  line  of  sight  oi  the  •nstrument,  while  the  other  form  is  deviated  to- 
ward the  internal  walls  of  tlie  structure.  The  internal  walls  are  black 
anodized  aluminum,  and  the  reflected  light  is  reduced  to  a negligible  in- 
tensity after  two  reflections  A portion  of  this  undesirable  polarization 
form  does  leave  the  Inatrument  through  the  Angle  Sensing  Crystal  (ASC) 
after  only  one  reflection.  However,  this  light  Is  reflected  approximately 
twenty  degrees  from  the  line  of  sight  between  the  transmitter  and  receiver, 
and  cannot  enter  the  receiver  unless  re-reflected  from  an  external  surface. 

Table  7.2-1  lists  the  transmitter  optical  components  and  their 
specifications.  A detailed  description  of  the  major  components  follows, 

7. 2. 1.1  LED's  and  Collimating  Lenses 

The  optical  design  of  the  Flight  Model  LED  and  collimating  section 
differs  from  that  of  the  advanced  Brassboard  design  in  that  a separate 
collimating  lens  is  utilized  for  each  LED.  This  was  necessary  in  order 
to  accommodate  the  smaller  effective  emitting  area  of  the  LED's  used  in 
the  Flight  Model.  The  smaller  emitting  area  requires  a smaller  focal 
length  for  the  collimating  lens  to  achieve  a given  beam  spread. 

The  focal  length  of  the  LED  collimating  lens  must  be  such  that  the 
lens  Images  the  LED  emitting  surface  at  infinity  with  the  image  sustending 

1.1  degrees.  In  addition  the  diameter  must  be  as  large  as  possible,  con- 
sistent with  the  mechanical  constraints,  to  provide  for  maximum  beam  in- 
tensity or  light  collection  efficiency. 

The  following  LED's  are  selected  for  each  channel;  the  peak  emission 
wavelength  is  also  shown: 

Pitch  SLH  - 19  810  nm 

Yaw  SLH  - 20  850 

Roll  SL-  1162-3  935 

The  effective  emitting  area  of  the  LliD's  is  such  that  a collimating  lens 
of  focal  length  of  approxinaitely  12.0  mm  provides  an  adequate  beam  diameter 
of  1.1  degrees  or  more.  This  focal  length  images  the  central  emitting  area 
of  the  LED.  The  internal  reflector  in  the  LED  is  not  imaged  within  the  1.1 
degree  beam.  If  a large  focal  let^gth  collimating  lens  is  used  such  that 
the  reflector  is  imaged  within  the  beam,  very  large  intensity  variations 
(greater  than  50%)  are  usually  enc  luntcred  across  the  beam.  This  is  cauted 
by  a dark  ring  between  the  emitting  area  and  the  reflector.  This  dark 
ring  is  imaged  into  the  far  field  of  the  transmitter. 

A 12.0  mm  effective  focal  length  lens,  IS.O  mm  in  diameter  is  found 
to  be  optimum  for  the  above  LED's.  An  anti-reflection  coated  aspheric  lens  is 
used  to  reduce  the  effects  of  spherical  aberration. 


Figurp  ''.2-2.  Rpy  Trpce  Results  for  OAMS  Flight  Model  Trpiismitt 


TabU  7.2>1  OAie  PUGBX  HCOO.  OPTXCM. 


Kell  SU16: 


I■■i(;llrt■s  7.2-3  ami  7.2-4  arc  ivpical  beam  profiles  iisinj'  {liflcrenl 
lenses.  These  fij’ures  illustrate  the  LED/lens  combination  intensity  as 
a function  of  angular  direction.  The  intensities  in  each  profile  are 
shown  on  a relative  scale  (or  a plano-convex  lens  and  an  aspheric  lens  of 
approxinatcly  the  same  focal  length.  In  all  cases  the  aspheric  lens  pro- 
vides for  a greater  on-axis  Intensity  than  the  simple  plano-convex  12ns. 

In  the  lateral  channel  IKI),  figure  7.2-3,  the  increase  is  over  one-hundred 
percent.  In  the  roll  channel,  figure  the  increase  is  approximately 

forty  percent. 

7.2. 1.2  Wollaston  Prism 

The  details  of  the  behavior  of  a Wollaston  Prism  arc  available  in 
almost  any  basic  optics  text.  Basically,  as  shown  in  figure  7.2-5,  the 
prise,  acts  as  a beam  divider  and  separates  an  incoming  beam  into  two  beams, 
the  intensity  of  each  being  the  intensity  of  the  two  orthogonal  polariza- 
tion forms  representing  the  Initial  beam.  Tl>e  two  emerging  beams  are  sep- 
arftted  by  an  angle  which  is  a function  of  the  prism  wedge  angle. 

Tlie  Wollaston  Prism  must  be  made  from  a material  with  the  proper 
biref rigence,  which  in  the  present  case  is  Calcite.  The  cement  used  to 
bind  the  two  prism  wedges  together  must  be  carefully  selected  for  the  re- 
quired temperature  range.  Calcite  is  a brittle  material  when  compared  to 
glass.  Most  ordinary  optical  cements  which  adhere  to  military  specification 
MIL "4-39203  when  applied  to  glass  are  not  suitable  when  the  substrate  mater 
ial  is  calcite.  Tl\e  majority  of  the  available  optical  cements  corresponding 
(o  the  above  MIL-spcc  will  cause  the  calcite  to  crack  over  the  CAMS  opera- 
tional temperature  range.  Consequently  the  Wollaston  Prisms  aie  fabricated 
with  a cement  manufactured  by  Dow  Corning,  XR-6-3488.  Tliis  cement,  while 
not  rated  to  MIL-A-3920B,  has  been  shown  to  be  adequate  when  applied  to 
calcite.  The  manufacture's  temperature  specification  for  the  three  cemented 
optical  components  of  OAMS  is  shown  in  Table  7.2-2.  In  all  cases  the  manu- 
facturer's specifications  exceed  the  OAMS  requirements. 

The  beam  divergence  of  the  Wollaston  Prism  is  20°  +0.5°  and  the 
entrance  and  exit  faces  are  coited  with  a broad  band  anti -ref lection  coat- 
ing providing  less  than  1.5X  surface  reflectivity  between  0.78  and  0.97 
m:  crons . 

7 2.1.3  Quarter  Wave  Plate 

The  quarter  wave  plate  is  oriented  relative  to  the  Wollaston  Prism 
Such  that  the  plane  polarized  light  emerging  from  the  Wollaston  is  converted 
to  circular  polarization.  Since  the  planes  of  polarization  of  the  light 
from  the  two  LED's  are  oriented  90°  relative  to  each  other,  the  wave  plate 
converts  the  light  from  one  l.KD  into  right  hand  eirculnrly  polarized  light 
nntl  other  LED  is  converted  into  leit-hand  circularly  polarized  light. 


I 


F'igure  7.2-3-  lED  Intensity  Profile,  SLH-20  #D. 


Figure  7.2-4.  I£D  Intensity  Profile,  SIr.1162-3  #3. 


URB  RiMGBS  OP  OJ«tS  PHASE  II  OFTICiO.  ADHESIVES 


Tlic  wave  plates  are  ;n=»(le  oi  mica  cut  to  Llie  required  thickness  to 
provide  a zero  order  retardation  at  the  proper  wavelength.  The  mica  is 
then  cemented  between  two  pieces  of  grade  A optical  crown  for  protection. 
See  Table  7.2-2  for  the  cement  temperature  specifications.  The  retarda- 
tion is  one-quarter  wave  at  the  following  wavelengths: 

Pitch  810  nm 

Yaw  850  nm 

Both  exposed  surfaces  are  broadband,  anti  reflection  coated  for  I 5 per 
cent  reflectivity  or  less. 

7. 2. 1.4  Angle  Sensing  Crystal 

Tlie  Angle  Sensing  Crystal  consists  of  evo  crystalline  quartz  plates 
ceicented  together,  with  the  opr  teal  axes  of  each  plate  having  the  proper 
relative  orientations  as  described  in  the  CEI  specifications.  The  cry'Stal  • 
line  quartz  conforms  to  MIL-G-174A,  Grads  A The  total  thickness  of  the 
Angle  Sensing  Crystal  is  3.0  millimeters  (+  .025  m) . This  thickness  is 
chosen  to  provide  for  an  adequate  instrument  field  of  view. 

The  angular  encoding  is  performed  by  the  Angle  Sensing  Crystal,  the 
encoding  being  In  the  form  of  an  optical  retardation  which  is  a function 
of  angle  of  incidence.  The  range  of  angles  over  which  the  encoding  or  re- 
tardation Is  unambiguous  is  termed  the  Angle  Sensing  Crystal  Field  of  View. 
This  field  of  view  is  a function  of  crystal  thickness  and  wavelength.  The 
fields  of  view  for  each  channel  (lateral  channels  only)  for  a 3.0  milli- 
meter thick  crystal  are: 


FOV 

pitch  810  nm  1 86° 

yaw  850  nm  1.98° 

These  fields  of  view  are  chosen  to  be  sufficiently  larger  than  the 
required  OAKS  measurement  range  (+  0.25  degree).  This  selection  provides 
adequate  system  linearity,  since  the  encoding  or  retardation  of  the  Angle 
Sensing  Crystal  with  respect  to  angle  of  incidence  becomes  non-linear  as 
the  angle  of  incidence  approaches  the  edge  of  the  crystal  field  of  view. 

The  two  quartz  plates  which  comprise  an  Angle  Sensing  Crystal  are 
cemented  together  with  Kodak  adhesive  HES-1  which  is  a modified  metha- 
crylate suitable  over  the  temperature  range  -65°  to  160°F.  This  is  within 
the  OAMS  operation,  storage  and  transportation  temperature  requirement  of 
-40°  to  160°F,  see  Table  7.2-2. 

7.2.2  Receiver  - General 

The  OAMS  receiver  design  is  shown  tn  figures  7.2-6a  and  7.2-6b. 

Fig*tre  7.2-6a  illustrates  the  optical  design  of  the  roll  receiver  and 
figure  7.2-6b  that  of  the  pitch  and  yaw  receiver  channels.  In  the  pitch 
and  yaw  channels  the  first  optical  element  is  the  Angle  Sensing  Crystal  (ASC) 
which  defines  the  axes  about  which  the  angles  are  measured  and  provides  the 
C'ptical  angular  encoding. 
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figav  7*^,  CAMS  m«ht  Moaol  Optical  Design  - UterjjL  Channel  Receiver, 
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Tlif  Will  (IP  1‘rism  i unikhI  i.i  i c I v tollnwiii)’  tlu*  Aiij'.lf'  (Irvsi.il 

splits  llu'  1 i)  iit  iiUo  its  two  poln  r i zar  i OH  co,iip(.inCMii  s , nacli  lioini.’ 
od  through  a filter  aiul  a lens  wliicli  focuses  each  compouent  onto  Che 
appropriate  detector.  An  optical  interference  filler  allows  only  light 
from  the  appropriate  iransnittcr  channel  to  reach  the  detectors. 

The  pla  /-convex  lens  fo<iises  the  liglit  on  each  of  i’'e  two 
detecters.  The  detectors,  however,  arc  placed  slightly  out  of  focus  to 
reduce  iho  effects  of  local  surface  i rregu  lari  t i -'s  on  the  detector. 

The  roll  channel  does  not  contain  an  .Anv;le  Sensing  Crystal  and  the 
axes  of  the  Wollaston  Prism  are  oriented  U'>  degrees  relative  to  those  of 
the  Wollaston  Prism  in  the  transmitter.  Also  the  center  wavelength  of  the 
optical  filters  are  different  for  each  channel.  In  all  other  respects, 
the  roll  receiver  channel  is  identical  to  that  of  the  other  receiver 
channels. 


Figure  7.2-7  shows  the  results  of  the  receiver  ray  trace.  The  rav 
trace  shows  only  tin-  on-axis  rays.  An  aperture  «lop  i.s  included  just  he- 
f ore  the  Wollaston  Prism  which  limits  the  clt'ar  aperture  to  approx iri-itcly 
one  inch  in  diameter.  This  is  required  to  eliminate  vignetting  within 
the  prism  itoolf.  With-out  the  stop  the  vignetting  would  cause  a portion 
of  the  light  in  one  or  the  other  polarized  beams  to  strike  the  sides  of 
the  Wollaston  instead  of  reaching  the  approximate  detector.  This  would 
create  the  same  effect  as  a detector  unbalance. 

Tabic  7.2-3  lists  the  receiver  optical  components  and  their  speci- 
fications. A detailed  description  of  the  components  follows. 

7.2.2. 1 Angle  Sensing  Crystal 

Tlie  Angle  Sensing  Crystals  in  the  receiver  lateral  channels  arc 
identical  to  those  in  the  transmitter  lateral  channels  except  for  size. 

11»e  receiver  Angle  Scitsing  Crystals  are  31.8  mm  in  diameicr  as  opposed  to 
25.0  mm  in  diameter  for  the  transmitter  angle  sensing  crystal.  'Pio  thick- 
ness in  both  cases  must  ho  indentical  in  order  to  minimize  cross  coupling 
when  the  receiver  and  tran.smittcr  are  translated  relative  to  each  other. 

7. 2. 2. 2 Wollaston  Prism 

Tlic  major  differences  between  tbe  receiving  Wollaston  Prism  and  the 
transmitter  Wollaston  Prism  arc  the  size  and  the  divergence  angle  of  tbe 
two  polarizc«l  exit  beams.  Tlie  receiver  Wollaston  Prism  aperture  is  15,0  am 
on  a side  which  is  smaller  than  that  of  tltc  transmitter.  The  tlivergence 
angle  is  15®.  This  larger  divergence  angle  is  chosen  to  accommodate  the 
detector  sizes  and  associated  detector  mounting  components  which  are  larger 
than  the  LED's  and  the  LEI)  mountings  in  the  transmitter.  Tlio  tehnvior  of 
the  receiver  Wollaston  Prism  Is  the  same  as  In  the  transmitter.  Tlie  polar- 
ization state  of  the  light  received  from  the  transmitter  is  changed  hy  the 
Angle  Sensing  Crystal  according  to  its  angle  of  incidence.  Tlie  Wollaston 
Prism  divides  the  light  from  the  Angle  Sensing  Crystal  into  two  beams,  the 
intensity  of  each  depending  of  the  polarization  state  of  the  incoming  beam. 
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Figure  7.2-'.  Ray  Trace  Results  for  0AM5  Flight  Model  Receiver. 


photovoltaic 
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7. 2. 2. 2 Focusing  Lens 


A plano-convex  lens  of  6A.0  inm  tocal  letigtL  follows  the  Wollaston 
Prism  in  each  of  the  receiver  cliannels.  Tlie  purpose  of  the  lens  is  to 
focus  the  liglit  from  the  Wollaston  Prism  onto  the  detectors.  Tlie  focal 
length  is  chosen  so  that  the  focused  spot  falls  within  the  detector  sensi- 
tive area  (5  mm  in  diameter)  for  light  entering  the  receiver  at  all  angles 
within  the  field  of  view.  As  shown  in  figure  7.2-8  the  detector  sensitive 
area  is  placed  approximately  2.0  millimters  behind  the  focal  plane  of  the 
lens.  The  light  spot  falling  on  the  detector  is  approximately  0.8  milli- 
meters in  diameter.  By  spreading  the  light  over  a larger  area  instead  of 
maintaining  a sharp  focus,  the  effect  of  localized  variations  in  detector 
sensitivity  is  reduced. 

The  lenses  are  optical  crown  plano-convex  and  are  coated  for  less 
than  one  percent  reflectivity. 

7. 2. 2. 4 Detectors 

The  optical  detectors  are  RCA  C30852  single-element  silicon  photo- 
voltaic photodiodes.  The  detectors  are  supplied  with  a protective  glass 
window.  This  window  is  coated  for  1'^  relection  losses  over  the  design 
wavelengths.  This  increases  the  effective  detector  responslvlty  and  hence 
the  system  signal  to  noise  ratio. 

The  detectors  are  specially  enhanced  by  the  manufacturer  for 
operation  at  near  Infrared  wavelengths. 
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Pi  cure  7.2-8.  Detpila  of  Detector  Focal  Plane. 


7.3  MECHANICAL  DESIGN  - FLIGHT  MODEL 

Thc  three  assemblies  that  arc  required  for  the  sensor  are  found  In 
figures  7.1-2  and  7.1-3.  Figure  7.1-2  shows  the  flight  model  design  with 
the  transmitter  and  receiver  assemblies  being  base  mounted.  This  config- 
uration allows  the  transmitter  and  receiver  head  to  be  mounted  directly  to 
the  table  or  surface  on  which  the  equipment  being  monitored  is  attached. 
The  fitting  of  the  OAMS  equipment  in  this  base  mounted  configuration 
allows  for  fixing  either  by  straps  around  the  body  of  the  sensing  heads  or 
fixing  bolts  through  the  mounting  structure  directly  into  the  end  plates 
of  the  sensing  heads. 


Figure  7.1-3  shows  the  flight  model  design  with  the  transmitter  and 
receiver  assemblies  being  back  mounted.  The  configuration  allows  the  t..*ans- 
mltter  and  receiver  heads  to  be  mounted  directly  to  the  equipment  being 
monitored.  The  fixing  of  the  OAMS  equipment  in  this  back  mounted  configu- 
ration allows  for  fixing  by  hard  mounting  to  three  machined  buttons  at  the 
back  of  the  sensing  heads.  If  required  a combination  of  both  fixing  methods 
could  be  used. 

Figures  7.3-1  and  7.3-2  show  the  details  of  the  transmitter  and  receiver 
heads  in  the  back  mounting  configuration.  The  basic  design  for  the  transmitter 
and  receiver  heads  for  the  two  mounting  configurations  is  the  same  as  in  the 
advanced  bcassboard  model.  The  outer  housings  are  different  due  to  the 
geometry  of  the  mounting  configurations.  With  the  new  optical  design  in  the 
flight  models  the  need  for  the  mechanical  eccentric  mounting  adjustments  is 
not  required',  for  this  reason  the  flight  model  mechanical  design  does  not  have 
eccentric  itleeves  for  mounting  the  LEDs.  In  the  advanced  brassboard  model 
the  pitch  channel  has  been  modified  to  the  flight  model  configuration  both 
in  optical  and  mechanical  components  and  hardware. 

The  flight  electronics  unit  can  be  mounted  and  tailored  to  suit  the 
available  volume.  It  is  shown  in  figure  7.1-1  as  being  a ba  mounted 
aluminum  box  with  a volume  of  500  cubic  inches.  Table  7,3-  .nows  the 
weight  and  volume  of  the  transmitter,  receiver  and  electronxcs  for  the  flight 
model. 

Weight  Volume 


Transmitter 

Receiver 

Electronics 


10  lbs 


160  cubic  inch  *8 


Total 


30  lbs 


860  cubic  inches 


Table  7.3-1  Weight  and  Volume  - Base  Mounted 
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8.0  SYSTEM  TEST  AND  EVALUATION 


OAMS  system  evaluation,  since  Phase  I final  report,  can  be  livided 
into  three  stages  namely, 

a.  Evaluation  after  replacement  of  the  detectors  and  the  LEDs  in 
all  three  channels,  rebuilding  of  LED  drive  circuit,  and 
implementation  of  LED  control  loop. 

b.  Complete  rebuilding  of  the  electronics  in  all  three  channels, 
retro-fitting  of  optics  in  the  pitch  channel  and  replacement 
of  detectors  from  unsealed  units  to  hermetically  sealed  units. 

c.  Exploratory  engineering  evaluation  tests  at  Holloman  AFB  to 
determine  OilMS  performance  envelope. 

However,  this  report  will  address  itself  to  those  tests  made  here  at  the 
Michoud  Assen&ly  Facility.  Problem  areas  found  both  at  Michoud  and  Hollo- 
man will  be  discussed  along  with  our  suggested  solution. 

The  information  present  here  will  commence  with  LED  testing  and 
adjustment,  followed  by  accuracy  and  temperature  S2nBitivity  testing. 

Finally,  a discussion  of  OAMS  application  and  coimnc-^ts  o.'.  OAMS  perform- 
ance will  be  presented. 

8.1  led  TESTING 

During  Phase  I OAMS  testing,  it  was  determined  chat  the  TI-SLH3  and  TI 
-SLH4  LEDs, which  are  composed  of  GaAsP  material  and  applied  in  the  lateral 
channels,  exhibited  a rapid  decrease  in  light  intensity  as  a function  of 
time.  In  the  roll  channel  the  GaAs,  GE-SSL-55C,  LEDs  were  employed  and 
their  characteristics  exhibited  a long  life  cycle.  However,  a need  to  acquire 
higher  light  output  LEDs  for  roll  channel  appli cation  was  genuine  since  a 
higher  signal'to-noise  ratio  is  directly  correlated  to  an  increase  in  light 
intensity.  Also,  the  GE-SSL-SSC  LEDs  had,  by  design,  a less  favorable  heat 
sink  dissipation  property  compared  to  others  with  stud  mount  design.  Having  a 
better  understanding  of  LED  requirements  for  OAMS  application,  a search 
was  begun  to  locate  LEDs  that  would  best  fit  our  needs  for  lateral  and 
roll  channel  use. 

As  a result  of  this  search  wc  settled  upon  the  Texas  Instrument,  Inc. 
LEDs.  For  the  lateral  channels  we  are  using  the  GaAlAs  LEDs  .ind  in  roll 
the  GaAs  LEDs.  Typical  characteristics  for  these  LEDs  are  shown  in  Table 
8~1.  All  of  these  LEDs  are  stud  mounted  for  temperature  sink  purposes. 


Table  E^l  LED  Characteristics 


Channel 

Part  Mo. 

Center  Have 
Length 

Ccutinuous 
Power  Ratine  025°C 

Pitch 

8LH-19 

810  nm 

3 mw  @ 100  ma 

Roll 

SL1162-A 

935  nm 

17  mw  @ 100  ms 

Yaw 

SLH>20 

850  nm 

3 mw  @ 100  tas 

The  linearity  of  light  o.’tput  to  applied  drive  current  varies  some  from 
LED- to -LED  in  each  type.  The  linearity  progressively  decreases  for  lower 
currents;  operations  below  10  ma  are  not  recommended  for  CAMS  application. 
Typical  linearity  for  the  SL-1162-4,  flight  qualified,  at  about  30  ma 
is  -0.4%  and  at  21.5  .na  is  -1.3%.  No  firm  linearity  figures  are  available 
yet  for  the  SLH-19  and  -20  fl'  ht  qualified  LEDs,  but  from  conversation 
with  TI  these  LEDs  should  be  less  than  2%  per  cent  over  the  current  opera- 
tion range  of  10  ma  to  215  ma. 

The  operating  half-life  of  LEDs  is  inversely  proportional  to  the 
square  of  the  operating  current.  Because  of  this  a compromise  between 
linearity  and  half-life  must  be  made  and  we  hc'e  chosen  100  ma  as  the 
quiescent  ov.irating  point.  >?or  this  current  the  estimated  half-life  for 
GaAlAs  LEDs  are  about  26,000  hrs  and  for  the  GaAs  LEDs  are  about  50,000  hrs. 

In  connection  with  LED  life  we  ran  an  independent  1000  hrs,  but  limited  in 
quantity  of  LEDs,  burn-in  test  during  the  summer  of  1975  on  the  SLH-19  and 
-20  LEDc  with  a drive  current  of  200  ma  dc.  Two  LEDs  per  type  were  test.ed 
and  the  resulting  decrease  in  light  output  from  zerj  hours  is  illustrated 
in  Table  8-2.  This  data  indicates  that  the  most  rapid  dup  occurs  at  the 
two  hundred  hour  range  and  thereafter  the  drop  is  less  abrupt.  Past  1000 
hro  Air  Force  Reports  (AFAL,  TR-72-159  and  TR-73-251)  indicate  that  a linear 
decrease  somewhere  around  1.8  to  3.4  per  cent  per  1000  hrs  can  be  expected. 
The  test  data  quoted  is  for  two  LEDo  up  to  6000  hrs.  of  testing  and  operated 
at  250  ma. 


Table  8-2  LFO  Bui.n-In  Test  (1000  hrs) 


SLH-] 

.9 

SLH-20 

Device  A 

Device  B 

Device  A 

Device  B 

247.  'J  260  hrs 

30%  0 458  hrs 

347.  (3  7'40  hrs 

357.  01000  hrs 

31%  0 260  hrs 

33%  0 524  hrs 

38%  0 776  hrs 

45%  01000  hrs 

21%  0 224  hrs 

24%  0 484  hrs 

25%  0 748  hrs 

28%  01000  hrs 

31%  0 260  hrs 

33%  0 524  hrs 

41%  0 776  hrs 

44%  01HOO  hrs 

T!ie  SLf  19  ana  -20  LEDs  are  ncnamphoterically  built.  Amphoterica  ' r 
built  devices  are  built  by  growing  layers  of  GaAs  .n  a silicon  wafer  ovt  • 
a wide  temperature  range.  Deiending  upon  the  temperature  range  it  '>>111  .e 
either  an  N-  or  P-type  device.  The  ncnamphoterically  built  device  is  msdv 
by  diffusing  zinc  into  the  N-type  wafer.  Therefore,  this  means  liat  upon 
heating  and  cnoli.'ig  Che  device  d-'es  not  change  from  a ?-  to  N-  or  N-  to  P- 
type.  The  SL-1162  4 1.ED8  are  amphoterically  built  and  are  more  efficient 
and  have  a higher  output  Irradlance  because  of  thia  construccic'i.  The 
disadvantage  here  is  that  they  must  be  protected  against  radisiiion  heating 
to  prevent  changing  state.  The  efficiency  of  the  C-aAlAs  LEDs  are  about  1.7 
per  cent  while  that  of  GcAs  is  about  3.5  per  cent. 

From  Table  8-2  it  can  be  deduced  that,  when  pairing  of  1.ED8  for  GOUT 
sr<I  KisF  purpote«,  in  the  OAMS  it  is  desirable  chat  the  intensity  decay  rate 
as  a function  of  time  track'..  This  will  prevunt  the  CONT  voltage  V^,  from 


prematurely  reaching  an  extreme  at  an  early  stage  of  O/'KS  operation.  In 
addition  to  this  matching,  it  is  also  important  to  test  irradiance  output 
with  the  actual  filter  used  in  the  RCVR  because  some  LEDs  may  have  a high 
irradiance  output,  but  are  slightly  mismatched,  wavelength  wise,  with  the 
filter. 

Most  Important  here  for  OAMS  is  the  LED  light  pattern  adjustment. 

By  choice  we  have  selected  100  roa  dc  as  the  quiescent  current  and  the  REF 
LED  drive  circuit  has  been  designed  to  maintain  this  value  constant. 

The  REF  LED  is  adjusted  first;  the  light  pattern  detected  at  the  Rd'fR  is 
adjusted  by  a combination  of  focusing,  defocusing,  and  rotation  of  the  LED 
light  image  at  the  XMTR  until  a symmetrical  d.c.  light  pattern  is  obtained. 
The  symmetry  is  best  determined  by  pitching  and  yawing  the  XMTR  by  + 20 
minutes  and  recording  the  data  for  comparison  with  the  CONT  LED.  0/ice  this 
condition  is  satisfied  the  REF  LED  is  turned  off  and  the  CONT  LED  is  tumed 
on  with  the  control  loop  opened  and  chosen  to  operate  the  LED  at  lOOmad.c 
The  same  procedure  as  chat  for  the  REF  LED  pattern  is  followed  except  that 
an  additional  constraint  must  be  imposed.  This  constraint  requires  that 
the  CONT  LED  light  intensity  matches  that  of  the  REF  LED  when  pitch  and  yaw 
motions  are  executed  at  the  XMTR.  This  match  ia  verified  by  varying 
which  in  turn  controls  the  amount  of  current  driving  the  CONT  LED. 

Without  this  constraint  LED  balance  is  not  possible  for  some  pitch  and 
yaw  tw'tions  at  the  XMr4x  and  thus  offset  errors  will  occur  when  the  XMTR  is 
rotate-.  Herein  lies  a major  disadvantage  with  the  Phase  I geometrical 
optics/eccentricity  configuration.  With  this  configuration,  which  is  now 
in  the  roll  and  yaw  channels,  it  is  difficult  to  match  the  REP  and  CONT  LED 
light  pattern  and  success  is  often  dependent  upon  trial  and  error  with  other 
LEDs  of  the  same  wavelengths.  'Hie  new  optics  now  installed  in  the  pitch 
channel  enables  easy  adjustraen.  and  matching  of  the  REF  and  CONT  LED  pattern 

8 . SYSTEM  TEST 

System  test  for  OAMS  ar  MAF  can  be  subdivided  into  two  distinct  phases 
as  described  in  the  introduction  of  Section  R.O.  The  purpose  here  is  to 
present  a summary  of  pertinent  data  and  comments  concerning  the  results.  In 
this  way  a continuity  in  our  rationale  for  various  decisions  during  OAMS  de- 
velopment can  be  better  undvrstood. 

8.2.1  Brassboard  No.  1 a ting 

Towards  the  end  of  uaMS  Phase  I effort  several  crucial  and  recognizable 
problems  emerged  during  testing.  These  problem  areas  were:  1)  the  need  for 
a control  loop  that  performed  LED  balance  and  maintained  a constant  iiodula- 
tion  as  described  in  Subsection  5.2.2,  2)  securing  three  distinct  wave- 

length LEDs  that  have  long  life  and  e^ts  higher  irradiance  and  3)  determ- 
irg  the  source  of  large  system  output  noise  and  finding  a possible  fix.  The 
electrical  noise  was  of  buch  magnitude  that  a one  hz  lowpass  filter  had  to 
be  ised  during  system  calibration  readings.  After  some  Investigation  the 
generation  of  noise  was  attributed  to  the  pre-amp  circuit  and  a damping 
resistor  Rj  and  circuit  as  described  in  Subsection  5.3  was  implemented. 
Signal -to-noise  ratio  wns  further  increased  by  replacement  of  the  existing 
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smaller  active  area  and  higher  junction  capacitance,  C^,  detector  bv  the 
RCA-C30852  unit  which  in  effect  increased  the  responslvity  by  about  70  per 
cent,  lowered  C<  from  500  pf  to  250  pf,  and  increased  the  active  area  from 
Smin*  to  20m^  ^The  new  detectors  were  ordered  without  the  window  since 
the  cap  size  was  too  large  to  fit  in  the  RCVR  barrel.  I-'owever,  later  on 
during  temperature  testing  it  was  found  that  unsealed  detectors  are  subject 
to  large  responsivity  changes  due  to  humidity  and  impurities  in  the  environ- 
ment. Location  and  subsequent  purchase  of  long  life,  high  relijbility  LEDs 
and  for  roll  higher  irradiance  output,  lead  to  r.  further  Increase  in  signal- 
to-noise  ratio. 

In  the  latter  part  of  1975  and  early  1976  Brassboard  No.  1 was  modified 
with  new  LEDs,  detectors,  pre-amp,  and  a control  loop.  In  January /February 
1976  the  optics  were  aligned  and  on  February  24  calibration  curves  were 
taken  for  pitch,  roll  and  yaw  with  a range  of  15.2  meters.  The  results  of 
these  curves  will  not  be  presented  here  since  they  are  basically  similar  to 
that  of  Brassboard  No.  2 and  the  differences  will  be  taken  up  v^en  discuss- 
ing the  curves  of  Brassboard  No.  2. 

Roll  channel  cross  coupling  was  analyzed  experimentally  to  establish 
its  source.  After  much  effort  in  June  1976  it  was  established  that  the 
effect  was  from  the  Wollaston  Prisms  located  in  the  RCVR  and  XMTR.  The 
polarization  places  (vertical  and  horizontal)  are  nonorthogonal  and  this 
claim  was  substahtiated  from  experiments  and  confirmed  by  the  manufacturer. 

The  effect  of  nonorthogonality  is  discussed  in  Subsection  5. 1.2.2.  During 
the  process  of  this  experiment  we  rotated  the  UCVR  Wollaston  and  it  did 
minimize  cross  coupling  to  some  degree  when  the  XMTR  was  pitched.  However, 
the  long  term  effect  of  this  exercise  was  to  transfer  the  larger  portion 
of  crostcoupling  from  the  pitch  axis  to  the  yaw  axis.  This  will  be  confirmed 
in  the  calibration  curve  analysis. 

Following  the  crosscoupling  effort,  temperature  testing  of  the  three 
units  (RCVR,  XMTR  and  electronics  box)  by  heating  and  cooking  each  from 
4.44**C  to  37.8°C  (40®F  to  lOO^F)  was  performed.  The  rest  results  indicated 
that  about  100  arc-sec.  variations  occurred  over  the  temperature  range  when 
testing  the  Xl?rR.  The  RCVR  unit  showed  variations  of  about  20  arc- sec.  over 
this  range.  The  electronic  unit  had  about  20  arc-sec  and  53  arc-sec  varia- 
tions for  pitch  and  roll  channels,  respectively.  The  yaw  channel  sum  board 
developed  an  anomaly  during  cooling,  thus  no  direct  comparison  of  the  yaw 
electronics  can  be  made.  The  purpose  of  this  test  was  to  i^'entify  the  sources 
ceuslng  eny  veriationa  and  to  get  some  feel  of  OAMS  tmder  s.  ch  an  environment. 

By  analysis  of  the  data  anr'  throu^  subsequent  component  testing  end 
special  localized  testing  on  0^.  It  was  possible  to  Isolate  some  of  the 
contributing  factors  to  system  . fset.  These  are: 

a.  LED  control  loop  balance  was  net  tight  enou^  to  compensate 
for  changes  in  irradiance/detector/pre  amp  balance  changes  (see 
Equation  Interpretations  Subsection  5.1. 1.4). 

b.  The  GaAs  and  GaAlAs  LED  efficiency  changes  ovc  the  temperature 
nmge  are  about  637.  and  907.,  respectively.  Since  the  LC)s  were 
not  paired  according  to  similar  tracking  characteristics,  the 
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control  voltage  Vc  varied  and  the  results  was  a relaxation 
in  the  levels  of  LED  balance.  This  problem  was  somewhat 
aggravated  by  the  427K  divider  whose  phase  changes  were  much 
larger  than  the  current  436B  divider  (see  Eqs.  (5 -18c)  . d 
(5-19c)). 

c.  The  responsivity  of  the  detectors  were  permanently  altered 
due  to  the  deposit  of  moisture  on  the  active  area  when  cool- 
ing. This  was  particularly  true  for  the  yaw  channel  si  ;CC 
an  unbalance  of  50%  was  later  confirmed.  Also,  a marked  In- 
crease in  system  noise  was  noted  thereafter. 

d.  Optics /mechanical  effects  were  suspected  after  a simulated 
LED  intensity  change  of  40  per  cent  was  performed  with  little 
change  in  system  output  at  various  angular  settings.  This  was 
accomplished  by  varying  the  REF  LED  current  and  allowing  the 
COirr  led  to  follow.  This  test  was  particularly  significant  be- 
cause it  decoupled  the  electronics  from  the  mechanical  fixture 
(since  no  mechanical  motion  was  involved).  Also,  it  proved  that 
LED  nonlinearity  is  not  a significant  contributor  to  system 
scale  factor  changes. 

The  only  significant  changes  recommended,  other  than  that  already 
planned  in  the  new  electronics,  were  1)  to  eliminate  all  trim  pots,  espec- 
ially in  the  pre  amp  circuit,  2)  replace  the  detectors  with  those  hermeti- 
cally sealed,  and  3)  to  increase  loop  gains.  Because  of  a change  in  detect- 
or cap  design  hermetically  sealed  units  were  installed  in  November  1976. 

These  sealed  detectors  virtually  eliminated  changes  in  detector/ pre  amp 
balance  due  jo  humidity  and  temperature  changes. 

8.2.2  Brassboard  No.  2 Testing  (Advanced  Brascboard) 

Following  debugging  and  adjustment  of  the  electronic  circuits  for 
proper  gains,  voltage  levels,  phases,  and  signal  scaling,  another  tempera- 
ture testing  effort  was  begun.  Due  to  lack  of  a cooling  unit  at  this  time 
only  heating  of  the  RCVR,  XMTR  and  electronics  units  from  23.9®C  to  37.8®C 
(75^  •'o  100^)  was  accomplished.  Table  8-3  lists  a suODary  of  the  changes 
due  to  temperature  effects. 

Table  8-3  GAMS  System  Output  at  37.8^C 


Units 

Pitch 

(arc-sec) 

Yaw 

(arc-sec) 

Roll 

(arc-sec) 

RCVR 

-30 

-16 

31 

XMTk 

37 

-25 

10 

Electronics 

0 

0 

0 

Mechanical  corrections  due  to  oxivefBents  of  the  RCVR  and  XMTR  during  heating 
where  obtained  by  auto-collimators  and  the  data  of  Table  8-3  was  altered  to 
accooNodate  these  changes.  The  heating  technique  used  here  was  somewhat 
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different,  than  the  previous  temperature  test,  since  instead  of  enclosing 
the  RCVR  or  XKTR  with  an  insulated  heater  box;  we  simply  wrapped  the  rear 
portion  of  the  tmit  with  the  heating  coil.  The  Burleigh  star  gimbal  mount 
now  used  for  RCVR  mount  prohibited  the  use  of  the  previous  heater  box.  The 
electronic  unit  was  heated  by  the  same  box  used  in  Brassboard  No.  1 testing. 

Another  scries  of  tests  were  made  to  Isolate  the  source  of  deviation. 

No  unexpected  changes  were  found  in  the  electronics  that  could  contribute 
to  there  changes.  The  pre  amp  circuits  were  Individually  heated  and  the 
observed  effects  to  the  system  output  were  negligible.  However,  one 
common  effect  was  noted  when  the  RCVR  and  XMTR  are  heated.  The  Irradlance/ 
detector/pre  ai^>  unbalance  changes  from  ambient  were  unusually  large,  as 
shown  in  Table  8-4.  From  Figure  5-5, K (GdCx/GgCf)  is  about  24  to  32  times 
larger  in  roll  than  that  of  the  lateral  channels.  Therefore,  changes  in  the 
roll  channel  will  be  amplified  by  7 to  11  times  that  of  the  lateral  channels, 
thus  a larger  number  for  unbalance  is  obtained.  With  the  use  of  Eqs.  (5-26) 
and  (5-39)  and  the  LED  balance  ratio,  u,  found  in  Tafe  5-5,  it  can  b>:  shown 
that,  the  irradience/detector/pre-amp  unbalance  of  Table  8-4  would  yield 
with  both  LF'  on,  an  error  of  about  one  arc  sec  for  all  cases,  except  that 
of  the  RCVR  .1  ^ere  the  error  is  calculated  to  be  about  -12  arc-sec. 


Table  8-4  Changes  In  Irradiance/Detector/Pre  Amp 
Unbalance  at  37.8°C 


Units 

Pitch 

Yaw 

Roll 

(arc-sec) 

(arc-sec) 

(arc-sec) 

RCVR 

-69 

-72 

-1167 

XMTR 

127 

-50 

150 

Since  the  relative  responsivity,  between  the  horizontal  and  vertical  de- 
tectors, will  change  less  than  0.25  per  cent  over  such  a temperature  range 
and  from  the  heat  test  on  the  pre  asq)  which  showed  negligible  changes,  it 
can  be  concluded  that  the  changes  are  either  mechanical,  optiiJil  or  a com- 
bination of  mechanical  and  optical.  Possible  solutions  will  be  discussed 
later  in  this  section. 

On  January  19,  1977,  before  trar  'tation  and  setup  of  OAMS  at 
Holloman  AFB,  calibration  curves  wen  Aken  as  shown  in  Figure  8-1  to  8-5. 
Upon  examination  of  these  curves  there  are  several  key  points  to  note: 

a.  The  scale  factors  are  not  one  arc-sec/mv  since  fixed  resistor 
were  used  in  gain  adjustments  and  in  pitch  and  yaw  the  devia- 
tions are  also  in  &:cordance  with  the  sinkO  term  of  Eq.  (5-26). 

b.  pitch  and  yaw  crosscoupling  magnitudes  are  directly  related 
to  LED  light  distribution,  RCVR  and  XMTR  ASC  adjustments,  and 
quarter-wave  plate  adjustments. 
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c.  ' crosscoiipliug  into  roll  as  a Cunction  of  pitch  and  yaw  tabic 
movement  is  directly  related  to  RCVR  and  XMTR  Wollaston  prism 
adjustments,  LliD  liyht  dlatrlbuticn  and  degree  of  prism  non- 
orthogonality (see  Eq.  (5-56)). 

A noticeable  difference  between  Brassboard  No.  1 and  Brassboard  No.  2 
curves  is  the  crosscoupling  into  the  roll  channel  when  pitching  and  yawing. 

For  Brassboard  No.  1 the  larger  crosscoupling  occurred  when  pitching  and 
for  Brassboard  No.  2 it  occurred  when  yawing.  For  this  case  the  crosscoupling 
magnitude  was  48  per  cent  larger  in  Brassboard  No.  2 than  for  Brassboard  No.  1. 
The  reason  for  the  switch  in  crosscoupling  magnitude,  as  described,  is  because 
of  the  90°  rotation  of  Wr  during  our  Wollaston  nonorthogonality  experiments. 

All  other  curves  for  Brassboard  No.  2 are  similar  to  those  of  Brassboard  No.  1. 

8.3  OAMS  APPLICATION 

From  the  data  present  in  this  section  and  the  anticipated  results  from 
the  Holloman  AFB  testing  there  are  several  outstanding  problems  remaining 
with  OAMS.  The  purpose  of  this  subsection  is  to  define  these  problems  and 
outline  suggested  approaches  that  can  be  taken  to  minimize  their  effects. 
However,  a few  words  concerning  the  OAMS  design/application  criteria  arc 
in  order  before  the  discussion  of  these  problems  and  in  this  way  a fuller 
understanding  of  OAMS  capability. 

OAMS  research  and  development  effort  stems  from  the  need  of  the  U.S. 

Air  Force  to  have  a device  that  can  measure  small  three-axis  rotational 
movements  within  a range  of  15  arc-minutes;  have  an  accuracy  of  9 arc-sec; 
operate  within  a 10  hz  dynamic  response;  withstand  the  transition  from  a 
missile  launch  environment  to  that  of  outer  space  (nonopcrational  during 
launch  phase);  operate  in  a radiation  environment  including  some  degree  of 
nuclear  radiation;  operate  at  a separation  range  of  15.2  meters  (50  feet); 
maintain  accuracy,  for  RCVR  traverse  movements  of  + 6.35  cm  (+2.5  inches)^ 
about  ali  3-axi8;  operate  over  a 4.44°C  to  37.8°C  (40°F  to  100°F)  tempera- 
ture range;  and  consume  about  20  watts  of  power  from  an  unregulated  28  VDC 
source.  The  unique  feature  of  OAMS  is  that  it  can  measure  simultaneously 
"roll"  as  well  as  pitch  and  yaw  angular  motions  which  no  other  system  to 
date  hes  been  able  to  accomplish  without  extensive  instrumentation,  higher 
power  consumption,  and  higher  volume  and  weight.  Low  power  consumption  re- 
quirements dictated  that  the  light  source  be  from  LEDs  with  a long  half-life 
and  that  their  operating  currents  be  as  low  as  possible  without  compromising 
performance.  Half  of  the  power  consumption  is  in  the  electronics  and  the  other 
half  is  lost  in  the  DC/DC  conversion  process  to  the  ^15  VDC  and  '•^7.5  VDC  ecur- 
ces.  It  power  and  weight  constraints  can  be  relaxed  lasers  can  be  used  Instead 
of  LEDs  and  a corresponding  increase  in  slgnal-to-noise  ratio  will  result,  there 
by  enabling  much  higher  accuracy  measurements  with  O^S  and  at  increased  ranges. 

A basic  application  of  OAMS  In  a close- loop  control  scheme  is  to  supply 
continuous  angular  motion  measurements  for  a three  axis  position  system, 
such  as  a large  telescope  mount,  antenna,  etc.  From  the  calibration  and 
temperature  data  taken, compensation  for  voltage  scaling,  crosscoupling  and 
variation  of  system  output  due  to  temperature  changes  must  be  provided. 
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Naturally,  the  objective  in  the  OAMS  design  is  to  minimize  crosscoupling 
and  variation  due  to  temperature,  however  there  are  physical  and  adjust- 
ment limitations  that  may  prevent  the  O^S  from  operation  in  an  ideal 
mode.  Steps  to  be  taken  to  trim  unwanted  behaviors  in  the  O^S  will  be 
outlined  later  in  this  section.  If  we  assume  for  the  moment  that  varia- 
tions are  present  and  deterministic,  then  it  is  possible  to  compensate 
for  these  errors  by  a program  that  calculates  the  necessary  corrections 
by  use  of  empirical  formulas.  These  formulas  can  be  derived  to  express 
angular  movements  in  pitch,  roll  and  yaw  as  a function  of  OAMS  system 
output  provided  that  the  variation-  are  predictable  and  lends  itself  to 
curve  fitting  in  the  sense  of  1 • . square.  Therefore,  linear  regrer.oinn 
equations  of  angular  movement  0 on  system  output  voltage  (Vq)  can  ob- 
tained for  all  three  types  of  angular  movements  that  influence  a given 
channel,  in  addition  linear  regression  equations  as  a function  of  tem- 
perature for  both  the  RCVR  and  XMTR  can  be  obtained  if  sufficient  data 
points  are  taken.  Equations  (8-1)  through  (8-4)  describe  the  methodology. 


' bji  + n.^ 

(8-1) 

«tj 

= b^j  + mj.jAT 

(8-2) 

aT 

* 75OF  - T 

(8-3) 

(8-4) 

“ bj  + mpjVjjp  + ^ “yjVoy  + ©t j 

j 

= subscript  identifying  monitored  axis  (p  - 

pitch, 

y - yav  or  r - roll) 

i 

* croascoupl 'ng  subscript  p,  y,  and  r 

0 

*■  angular  rotation;  arc  sec. 

b 

-•  intercept;  arc  sec. 

Voj 

- system  output  voltage;  mv 

®'ij 

» slope  of  linear  equation;  arc  sec./mv 

^T 

«•  temperature  change;  °F 

T 

- temperature  of  RCVR  or  XMTR;  °¥ 

Equations  (8-1)  and  (8-2)  could  take  other  more  complex  forms,  depending 
upon  the  accuracy  desired.  In  order  to  develop  a model  for  Oj,  from 
calibr.tlon  data,  that  will  be  generr  i for  all  combination  of  movemeii" - 
the  ctusscouplicg  effects  must  be  Included.  The  procedure  to  follow 
here  is  to  compute  the  curve  fit  equation  as  a function  of  one  variable 


Table  8-S  Accuracy  Braasboard  No. 


w 


using  the  calibration  data,  then  using  this  equation  to  convert  cross- 
coupling  data  to  equivalent  angular  displacements,  and  finally  compute 
the  angular  movement  6j  on  Vq!.  Table  8-5  summarizes  the  results  of 
such  a fit  for  i"  20  arc  minutes  and  for  Brassboard  No.  2 data.  The  term 
r is  the  coefficient  of  correlation  and  S is  the  standard  error  of  esti- 
mate VqJ  on  Oji*  If  r = +1  or  -1,  there  is  perfect  correlation,  that 
is,  there  is  a linear  relationship  between  the  independent  and  dependent 
variable.  If  r<0  the  line  has  a positive  slope  and  if  r >0  the  line 
has  a negative  slope.  The  error  estimate  may  be  due  to  noise,  error  in 
instrument  reading,  etc.  and  ideally  is  zero.  It  should  be  noted  here, 
that  the  slope  for  the  crosscoupling  in  roll,  when  yawing,  is  an  order 
of  magnitude  larger  than  the  other  crosscoupling  terms. 

Curve  fitting  for  temperature  variation  were  not  made  because  of 
insufficient  temperature  data.  If  we  average  the  intercept  points  and 
perform  the  indicated  steps  implied  by  Eqs.  (8-1)  and  (8-4)  the  follow- 
ing approximate  regression  equations  for  pitch,  roll  and  yaw  results: 

Pitch  Qp  = 1.11  d 1.002  Vop-0.005Vor-0.016Voy  (8-5) 

(8-6) 

(8-7) 


Obviously  a more  comprehensive  c*  rve  fit  (f  : flight  iiodels)  would  involve 
more  terms  and  woulc  .*  checked  for  various  combinations  of  pitch,  roll 
and  yaw  novementc.  Also,  the  equations  wouj i not  be  the  same  for  all 
O/MS  urxts  since  the  errors  are  dependent  uptn  the  individual  components 
and  uix)n  the  effort  expended  in  alignment  prc  -.esses. 

Should  a different  separation  distance  (range)  uetween  the  RCVR  and 
XMTR  be  desired  several  mino.'  changes  must  be  made.  The  electrical 
changes  wjuld  involve  nr-  gain  values  for  the  OONl  AMP,  Sum  10  hz  Filter 
and  Differential  Amp  (i ' . Figure  5-3).  However,  the  present  CAMS  system 
can  accommodate  a .^:1  variation  in  range  with  no  external  adjustments. 

The  limiting  factor,  in  the  reduction  of  range,  is  the  increase  in  sum 
voltage  Vg  to  such  a point  that  the  divider  denominator  Vj^  and  amplifier 
reaches  saturation  and/or  the  control  loop  reaches  instability  (see  Sub- 
section 5.2).  Also,  the  beam  diameter  will  decrease,  thus  limiting  trans- 
verse readings.  For  increased  range  the  limiting  factor  is  the  decrease 
in  Irradiance  at  the  RCVR  to  such  a point  that  the  system  electrical 
noise  will  be  dominant.  For  a significant  change  in  range  settings  other 
than  the  present  15.2  meters  refocusing  of  the  objective  lens  relative  to 
Kj,  is  required  in  order  to  decrease  or  increase  the  diameter  oc  the  light 
beam  at  the  RCVR. 

The  outstanding  problems  remaining  with  CAMS  are: 

a.  Crosscoupling  in  all  channels. 

b.  Temperature  sensitivity  of  all  three  channels  when  the 
RCVR  and  XKTR  are  heated  and  cooled. 


Roll  0^  = 3.997  + 0.972  V^^.  0.029Vpp+  O.llSV^y 

Yaw  0 = 1.352  + 0.932  V - 0.C05V  + 0.0003V  „ 

— y oy  or  op 
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c.  System  offset  in  all  three  channels  when  relative  transverse  motion 
between  transmitter  and  receiver  occurs. 

d.  Light  sensitivity  due  to  background  illumination  that  is  within  the 
optical  filter  spatial  bandv;idth  and  w'thin  the  receiver  field  of 
view. 


e.  Eliminate  transmitter  Wollaston  rejected  beams. 

f.  Further  work  required  on  definition  of  error  sovtrces. 

Until  recently,  where  the  electronics  were  rebuilt  and  improved  method- 
ology in  alignment  of  LEDs,  optics,  and  temperature  testing  of  all  three  units 
were  made,  the  analysis  of  the  effects  listed  under  Item  a,  b,  and  c was  ambi- 
guous. However,  with  the  inherent  problems  of  Brassboard  No.  1 electronics, 
discussed  in  this  section  and  Section  5.0,  behind  it  is  now  possible  to  cor- 
relate these  effects,  to  seme  extent,  with  component  alignment  and  applica- 
tions of  a component  or  components  in  the  OAMS  mechanical/optical  subsystem. 

The  approach  suggested  here  is  systematic  in  the  sense  that  affirmative  steps 
can  be  taken  to  either  eliminate  or  minimize  certain  undesirable  effects  and 
then  later  through  experimentation  identify  and  suggest  approaches  that  can 
be  used  to  clean  up  the  remaining  problem. 

In  the  set-up  at  Holloman  and  at  Michoud,  one  of  the  basic  problems  en- 
countered is  the  lack  of  a good  image  quality,  especially  that  of  the  OONT  LED 
relac.lve  to  the  RF.p  LED.  This  can  be  most  readily  understood  by  consideration 
of  tM' initial  alignment  requirements  for  OAMS.  With  the  receiver  and  trans- 
mitter mounts  level  and  the  receiver  aperture  within  the  LOS  of  the  transmitter 
aperture,  it  is  required,  besides  system  output  Vo>0,  that  the  sum  voltage  Vg 
and  epBtrol  voltage  V,.  be  at  a mid  range  point.  The  idea  here  is  to  avoid  op- 
erat^n  of  OAMS  at  or  near  extremes  as  far  as  light  levels  and  OONT  LEO  pur- 
poaeir  require.  Because  of  these  basic  requirements  for  system  proper  opera- 
tions',' the  transmitter  unit  had  to  be  pitched  and  yawed  (an  Iterative  process) 
until  an  approximate  mid  range  point  Is  established  for  Vg  and  V(..  Once  this 
le  satisfied  the  system  output  Is  zeroed  (for  all  3 channels)  by  perturbation 
of  the  receiver  unit  in  pitch  and  yaw  In  order  to  offset  the  Incident  angles 
built  in  at  the  transmitter.  Finally  the  transmitter  mount  is  rolled  until  the 
roll  (^annel  system  voltage  Vo*0.  The  effect  of  this  is  to  misalign  the  hori- 
zontal and  vertical  polarization  plane  of  the  ASOp  relative  to  ASCj^  and  for 
roll  Wx  relative  to  Wg^.  This  will  then,  later,  result  in  an  Increase  in  cross- 
coupling between  channels. 

Our  experience  with  the  pitch  channel  shows  that  none  of  the  mid  range  ad- 
Justsient  problems  discussed  for  Vg  and  Vc  now  exist.  This  is  due  to  the  improved 
optical  design  incorporated  in  Brassboard  No.  2 transmitter  pitch  channel.  Also, 
this  tMW  design  enables  easy  adjustment  of  the  REF  and  OONT  LED  light  pattern 
such  th^t  they  coalesce  and  are  not  skewed.  Tt  is  recoomended  that  implementa- 
tlou  of  this  optical  retro-fit  be  the  first  step  in  OAMS  modification.  The 
significance  of  this  modification  can  not  be  fully  assessed  et  this  tisie  on 
roll  and  yaw  channel  performances. 

The  croascoupllng  mentioned  in  Item  c can  be  reduced  in  the  lateral  chan- 
nels by  re*adjustaent  of  the  quarter-weve  plates  end  ASC  et  the  receiver  ei»d 
transmitter.  These  were  lest  adjusted  with  Brassboard  No.  1 configuration. 

Once  the  quarter  wave  plate  is  adjusted  for  circular  polarized  light,  the 
ASC{|(  and  MCy  ere  euccesslvely  adjusted  by  pitch  and  yaw  motion  until  the 
crosscottpling  effects  are  negligible.  The  roll  channel  adjustments  are 
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not  as  straight  lorward  as  tlial  of  Liif  lateral  channels  and  must  begin 
by  selection  of  a Wollaston  prism  (see  bubsecCion  5. 1.2. 2)  for  tie  XilTR 
that  has  Che  least  nonorthogonalrty . Following  •'his,  the  Wollastons 
are  aligned  by  use  ol  a Polaroid  sheet  which  effectively  decouples  the 
nonorthogonality  of  Wj.  from  Wj,.  Once  the  Wollastons  are  set  the  same 
iterative  process  of  pitching  and  yawing  at  the  RCVR  and  XMfTR  is  repeated 
until  minimum  crossccupling  is  attained. 

Recommended  approaches  :u  the  solution  of  RCVK  and  XHTR  temperature 
sensitivity  is  less  definite  than  that  of  crosscoupling,  however,  by 
process  of  elimination  and  previous  cj perience  with  OAMS  likely  suspects 
in  compo  nt  behavior  can  be  investigated.  O/.MS  reaction,  during  temper- 
ature testing,  is  to  produce  an  offset  in  as  shown  in  Table  8-3.  Along 
with  this  offset  the  detector/pre- amp  shov;s  an  unbalance  with  large  mag- 
nitudes in  the  roll  channel  because  of  the  added  gain  (above  that  of 
lateral  channels)  requited  in  scaling  the  system  output.  With  LED  balance 
values  of  •’  '<it  1.0  per  cent  (see  Table  5-5)  the  effects  of  this  unbalance 
is  diminish.u  significantly  as  shown  by  the  first  term  of  Eq.  (5-26).  The 
Holloman  AFB  test  results  Indicate  the  Siime  behavior  except  that  XITTR  heat- 
ing and  cooling  detector/pre-amp  unbalance  (for  roll)  are  more  in  line 
with  the  value  of  that  shown  for  the  RCVR  in  Table  8-4.  The  magnitude  of 
unbalance  is  directly  related  to  temperature  and  returns  to  their  initial 
settings  when  at  ambient.  With  the  RCVR  at  ambient  and  the  XMTR  tempera- 
ture varying,  the  implication  here  is  that  an  interaction  effect  between 
LED  average  wavelength  changes  (GaAs  LED  over  temperature  range  will 
change  by  - 10  nm)  and  the  RCVR  filter  transmittance  (horizontal  and  ver- 
tical polarization  planes)  will  occur.  The  effect  of  this  Is  to  unbalance 
the  two  optical  paths  to  the  detectors.  According  to  the  manufacturer, 
the  filters  are  sensitive  to  temperature,  wavelength  and  angle  of  inci- 
dent. Filters  for  use  with  polarized  light  must  be  designed  to  compen- 
sate for  these  effects  and  compromises  are  required.  The  Brassboard  No.  1 
and  flight  model  filters  were  not  ordered  with  this  requirement.  However, 
the  flight  model  filters  have  a much  sharper  peak  and  are  atore  compatible 
with  the  LED  wavelength.  Analysis  of  the  data  when  the  RCVR  temperature 
is  varied  and  during  transverse  movements  yield  similar  detector/pre-amp 
unbalance. 

According  to  Karl  Larabrecht  Corporation,  the  Wollaston  prism  manufacturer, 
the  only  change  expected  over  the  tempeiarure  range  is  a 600  arc  sec  movement 
in  the  deviation  angle  and  no  corruption  of  the  polarized  signals.  Therefore, 
it  is  probable  that  the  larger  portions  of  angular  movements  during  tempera- 
ture variations  are  due  to  the  optical  mounts  in  the  XHTR  and  RCVR.  Examina- 
tion of  the  mounting  techniques  should  be  made  to  acertain  chat  stress  and 
strain  are  not  introduced  on  the  Wollastons,  ASC,  and  quarter  wave  plates. 


The  RCVR  optics  do  not  have  an  aperture  stop  before  the  Wj^  thus  a strong 
possibility  of  vignetting  at  the  detectors.  Tliis  would  naturally  affect  the 
system  output  during  transverse  movements.  Also,  realignment  of  the  detectors 
to  assure  improved  light  receptivity  is  recommended. 


Items  d and  o due  to  backg'*ound  illumtnat Ion  and  reflection  can 
be  minimized  by  the  use  of  baffles.  Background  illumination  increases 
the  sum  voltage,  Vg,  and  causes  a change  in  scale  factor  (see  Eq.  5-26) . 
Reflected  signals  from  the  XMTR  rejected  bean  vrill  have  a similar  effect 
as  that  of  background  illumination,  plus  the  introduction  of  an  a.c. 
signal  of  like  frequency  in  the  processing  electronics. 


S-18 


J 


9 . 0 CONCLUSIONS  AND  RECOMMENDATIONS 


During  Phase  li,  OAMS  development  has  undergone  several  modifications 
which  significantly  improved  system  output  performance  and  reliability. 

These  modifications  were  mostly  in  the  electronics  where  higher  performance 
LEDs,  detectors,  dividers,  transistors,  power  supply  and  op  amps  where  in- 
cluded in  the  new  electronics  (Advanced  Brassboard) . Improvements  in  the 
pre-amp  circuit  design  and  wire  shielding  were  made  to  reduce  the  system 
electrical  noise  output,  especially  for  roll.  The  system  electrical  rms 
noise  output  with  a 10  hz  low  pass  filter  are  0.6mv,  O.AAmv  and  l.Smv  for 
pitch,  yaw  and  roll,  respectively.  The  system  power  consumption  was  re- 
duced to  about  20mw.  A constant  modulation  index  and  LED  balance  were  im- 
plemented with  a new  LED  drive  amplifier  circuit  and  a control  loop;  the 
result  was  a reduction  in  system  output  offsets  and  scale  factor  changes. 
Besides  hardware  changes,  improvements  in  LED,  detector  and  optics  adjust- 
ment techniques  were  developed  (some  not  fully  implemented  yet)  to  improve 
GAMS  output  during  receiver  and  transmitter  angular  movements. 

System  testing  at  Mic'.ioud  Assembly  Facility  included  (not  as  compre- 
hensive as  that  at  Holloman  AFB)  accuracy  and  temperature  testing.  These 
testa  were  limited  on  the  Advanced  Brassboard  mainly  due  to  lack  of  suffic- 
ient time,  equipment,  a stable  base,  and  stable  ambient  environment.  Accur- 
acy tescs  indicate  that  system  outputs  are  repeatable  and  that  the  roll 
channel  output  is  linear  over  a much  wider  range  than  that  of  the  lateral 
channels.  Crosscoupling  was  evident  in  all  three  cliannels  with  the  roll 
exhibiting  the  largest  values.  Roll  crosscoupling,  depending  upon  receiver/ 
transmitter  orientation,  could  be  made  non-linear.  Temperature  testing  of 
receiver,  transmitter  and  electronic  units  between  ambient  and  37.8°C  (100°?) 
indicated  offsets  in  system  output  as  illustrated  in  Table  8-3. 

Modifications  in  the  pitch  channel  optics/mechanical  configuration 
were  made  to  enable  better  light  distribution  and  adjustments.  Tests 
showed  an  improvement  in  the  linearity  of  the  crosscoupling  term  in  pitch 
versus  that  of  roll  and  yaw  when  transverse  movements  were  made  at  the 
receiver.  Offsets,  during  transverse  movements  were  made  at  the  receiver. 
Offsets,  during  transverse  movements,  produce  the  most  outstanding  problem 
in  OAMS  and  the  contributing  source  must  be  identified  and  a fix  imple- 
mented. Crosscoupling  due  to  receiver  and  transmitter  rotations,  accuracy 
calibration,  and  temperature  sensitivity  can  be  compensated  if  predictable; 
however,  offsets  and  crosscoupling  effects  due  to  transverse  movements  can 
not  be  compensated.  Because  of  the  crosscoupling  and  temperature  sensitivity 
effects,  the  following  steps  are  recommended: 

o Replace  the  roll  and  yaw  LED,  optical/mechanical 

figuration  now  present  in  Advanced  Brassboard,  with  up- 
grading to  the  level  of  the  flight  model  configuration. 

o Perform  systematic  tests,  where  applications  are 
questionable  or  information  is  unavailable,  on  the 
optical  components  to  ascertain  their  characteristic 
bdiavlor  In  OAMS  environments. 


o 


Replace  aJl  of  Brassboard  optical  elements  In  the  receiver 
and  transmitter  to  conform  with  the  improved  flight  com- 
ponents and  mechanical  design. 


o Insert  an  aperture  stop  before  the  receiver  Wollaston 
prism  to  prevent  vignetting. 


o Perform  LED,  optical,  and  detector  alignment  to 
conform  with  Improved  techniques  developed  during 
OAMS  research  and  development  period. 


o Perform  another  calibration  and  temperature  test 
after  implementation  of  the  above  steps. 

o Implement  baffles  on  the  receiver  to  ascertain  its 

effectiveness  in  rejection  of  background  illumination  and 
beam  deflection 


o Further  improvement  on  error  model  to  account  for  these 
effects. 


o Study  methods  of  increasing  dynamic  range. 
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APPENDIX  A 


NUCI.UR  SUKVIVABILI'l’Y 


l.O  INTRODUCTI(»J 

This  report  will  address  the  effects  of  Nuclear  Radiation  on 
electronic  components  and  circuits  and  the  selection  of  components  and 
design  of  circuits  to  resist  these  effects  for  an  optical  Angular  Motion 
Sensor  (CAMS) . 

The  Optical  Angular  Motion  Sensor  (OAMS)  will  be  used  in  a space 
environment.  It  will  be  designed  by  taking  consideration  into  the  radia- 
tion hazards  it  will  face  in  space  and  possible  exposure  to  radiation 
from  a nuclear  explosion. 

The  radiation  effects  parameters  and  typical  values  for  an  explosion 
of  one  megaton  at  a distance  of  4.5  miles  to  be  considered  are  listed  in 
Table  I. 


TABLE  I 

Radiation  Effects  Parameters 


Parameter 


Typical  Value 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 


Overpressure 
Theraal  Pulse 

Neutron  Density 
Total  accumulated  dose 
Electromagnetic  Pulse 
Gamma  vlose  rate 
Light  Intensity 
Fsllout 


4 psi  (peak)  at  wind  velocity  of  6C  ft /sec. 

15  cal/cm^(sec)  for  0.025  sec,  12.5  cal/cm^(8ec) 
for  1,9  sec. 

lOp  n/cm^  (1  Mev  equivalent) 

10^  rad84 

Enax  “10  V/m,  Hnax  * 30  At/ra 

lOlO  rads  (Si) /sec 

106  c/cm^  with  peak  at  4000°A 

1000  rads  for  2 days  with  particle  size  of  1-100 
microns  radius 


Of  these  parameters  listed  in  Table  I,  only  n-eutron  density,  total 
accuaulated  dose,  and  gamma  dose  rate  occurs  in  the  natural  space  environ- 
BWnt.  In  this  environment,  neutron  density,  and  gamma  dose  rate  are  small 
and  total  accumulated  dose  is  large  only  when  the  dwell  time  is  great  in 
those  regions  where  the  natural  radiation  is  trapped  by  the  earth's  magnetic 
field. 


1.1  NUCLEAR  SURVIVAL  IN  A HOSTILE  ENVIROHMENT 

In  a hostile  space  environment  effects  of  Neutron  density.  Total 
accuaailated  dose.  Electromagnetic  pulse,  gamma  dose  rate,  and  light  intensity 
occur,  usually  at  very  high  values.  The  rest  of  the  effects  listed  can  occur 
only  in  an  air  burst  or  ground  explosion  near  the  earth's  surface. 

A ground  blast  differs  from  an  exo-atmospheric  blast  in  that  for  the 
former,  air  tfanaforms  thermal  energy  into  heat  and  blast  shock,  while  the 
latter's  thermal  energy  la  radiated  over  a broad  spectrum  consisting  pri- 
marily of  X-caya. 
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1.2  NUCLEAK  SURVIVAL  ''N  A NATURAL  ENVIRON. TENT 


Nuclear  radiation  effects  upon  space  equipment  can  be  due  to  the 
natural  environment  of  space  (Van  Allen  belts,  sola;  flares).  The  most 
important  sources  of  this  natural  radiation  are  trapped  rad5.atlon,  cosmic 
radiation,  auroral  radiation,  and  radiation  due  to  solar  flares. 


TABLE  II 

PRIMARY  OUTPUTS  OF  A ONE-MEGATON  THERMONUCLE/\R  WEAPON  BURST 


(EXO-ATMOS PHERIC) 

OUTPUT 

SOURCES 

MEAN  energy 
TYPICAL 

APPROX.  YIELD 
PERCENT 

Neutrons 

Fission  Reaction 

l.i  MeV 

1.0 

Gamom  rays 

Fission  Reaction 

Fusion  Reaction 

Neutron  Capture 

Inelastic  Scatter 
Radioactive  decay 

l.l  MeV 

2.6 

X-rays 

"Blackbody"  radiation 

-- 

68.9 

Alpha  Particles 

Fublon  Reaction 

Radioactive  Decay 

-- 

-- 

Beta  Particles 
(electrons) 

Radioactive  Decay 

l.l  MeV 

2.5 

Weapon  Debris 

Nuclear  weapon  end 
case  osterials 

50.0  KeV 

25.0 

Visible  Light 

Fireball 

-- 

The  natural  environment  for  orbital  altitudes  less  than  SOO  nautical 
milaa  is  not  a severe  one,  however,  the  accumulated  radiation  dose  absorbed 
over  a long  period  of  time  can  adversely  affect  the  performance  of  space 
coi^onents  such  as  silicon  control  rectifiers  and  optical  parts.  From  this 
aspect,  the  effects  of  this  natural  environment  must  be  taken  into  account 
in  any  long-life  spacecraft  system  at  altitudes  in  excels  of  several  hundred 
nautical  miles. 

The  unshielded  space  radiation  exposure  is  given  in  TOR-0059(6311)-1S  is: 

Q 

Integrated  ionizing  dose  - 10  roentgens /yeer 
Integrated  proton  fl>qc  - 3 x I0l2  protons/cm2/year 
Integrated  electron  flux  - 10^®  electrons/cs^/year 
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■n>«*  unshielded  space  radiation  nviximun  dose  rate  is  also  y,iven  as: 

Maximum  ionizing  dose  rate  - 10^  rpent  gens/h.our 

Maximum  proton  flux  (E  1 Mev)  - 10^  protons/cm^/sec 

Maximum  electron  flux  (E  200  Kev)  - 3 x lO’  elect rons/cm^ /sec 

Auroral  electrons  are  expected  to  be  shielded  out  bv  the  aluminum  used  in 
the  housing  since  they  are  in  the  tens  of  Kev  range  of  energy.  The  sun's 
sp  :trum  outside  tlie  atmosphere  contains  an  ultraviolet  component  which 
extends  in  significant  quantities  down  to  around  1000  angstroms.  It  will 
primarily  affect  the  external  windows  and  seal  materials. 

The  natural  environment  consists  of  cosmic  rays  (high  energy  protons); 
Van-Allen  b*lt  tranped  radiation  consisting  of  electrons  and  protons  with 
energies  mainly  1',  tin.  ranye  of  20  Kev  to  several  Mev,  this  flux  being  a 
unction  nf  both  latitude  and  altitude;  auroral  radiation  (65°  to  70°  north 
and  south  latitude),  consisting  of  relatively  low  energy  electrons  (less 
than  50  Kev)  and  a much  lesser  proton  flux  with  energies  ranging  up  to  600  Kev; 
solar  flares  which  consist  of  intense  proton  flux  - due  to  the  earth's  r.ag- 
netic  field  thes'  protons  are  deflected  away  from  the  equator  and  are  most 
intense  in  the  polar  regions. 

2.0  RADIATION  EFFECTS  OF  ELECTRONIC  CWIPONENTS 

The  two  basic  intcracticr.s  that  describe  the  transfer  of  energy  from 
the  radiation  flux  to  the  atoms  of  the  target  are  ionization  and  displacement. 
Particles  may  impart  enough  energy  to  a struck  atom  to  move  it  to  a new 
location  in  the  lattice  structure.  In  semiconductors,  displacement  dis* 
rupts  the  orderly  crystal  lattice  structure  and  is  equivalent  to  the  addition 
of  impurities.  These  disturbances  in  the  lattice  structure  reduce  current- 
carrier  lifetime  and  degrade  performance.  Displacement  is  a permanent 
effect.  The  region  of  most  Interest  generally  will  be  from  0.1  to  12  MeV. 

2.1  EFFECTS  DUE  TO  FAST  NEUTRONS 

The  role  of  the  fast  neutron  is  primarily  the  displ'.cement  of  atoms 
from  lattice  sites  in  solids  (whereas  gamma  rays  result  in  the  production 
of  secondary  electrons  *n  all  types  of  matter).  The  number  of  displace- 
ments produced  by  neutrons  (and  secondary  electron  effects)  are  primarily 
functions  of  the  total  exposure  rather  than  the  rate  of  exposure.  There- 
fore, integration  of  the  "sdiation  produced  by  nuclear  bursts  is  required 
to  detendne  the  effects.  Displacements  produced  in  solids  will  be  permanent 
affects  and  hence  are  important  not  only  during  the  transient  radiation  pulse 
but  also  following  it. 

2.2  IONIZATION  EFFECTS  PRODUCED  BY  TRANSIENT  GAIMA  RADIATION 

Important  transient  effects  due  to  gamma  radiation  include  secondary 
electron  emission,  changes  in  gas  conductivities,  excess  carrier  effects 
In  semiconductors,  surface  and  volume  resistivity  changes  in  insulators, 
generation  of  E«M  fields,  optical  offsets,  and  changes  in  paramagnetic 
materials.  Gammas  react  throu^  l^otoelectric,  Compton,  and  pair  production. 
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The  '*uilo-elecLric  effect  is  important  lor  gammas  below  100  Kev,  the 
Compton  process  is  important  from  100  KeV  to  3 or  U MeVs,  and  pair  pro- 
duction occurs  only  in  excess  of  about  1.2  MeV  and  is  only  important  in 
high  Z materials. 

Table  III  shows  some  ionizing  effects  in  electronic  parts  due  to 
gamra  rad ia  1 1 on . 

For  each  type  of  electronic  part  used  in  the  OAIC  flight  model,  the 
dose  limit  given  is  the  value  that  can  be  absorbed  by  the  material  before 
a measureable  change  occurs.  The  radiation  doses  that  can  be  absorbed  by 
component  parts  before  a measurable  degradation  in  any  characteristic  are 
tabulated  in  Table  IV  column  one.  Tlie  second  and  third  colums  of  Table  IV 
tabulates  the  amount  of  Neutron  Fluence  in  neutrons  per  square  centimeter 
which  will  cause  iri  Id  and  severe  damage  respectively. 

3.0  GENERAL  OESICN  GUIDELINES 


General  design  guidelines  that  have  been  followed  for  the  component 
selection  and  circuit  design  for  nuclear  survival  hardening  for  OAKS  are 
covered  in  the  following  sections. 

3.1  COMPONENT  SELECTION  GUIDELINSS 

Component  selection  was  made  on  the  basis  that  the  most  radiation 
resistant  component  was  selected  that  met  the  electronic  parameter  require- 
ments and  reliability  criteria  of  the  system. 

3.1.1  Transistors 

Transistors  of  each  type  used  in  the  OAMS  flight  model  \ ere  selected 
for  their 

1.  High  alpha  cutoff  frequency 

2.  High  current  gain 

3 . Low  power 

4.  Low  collector-to-emitter  saturated  voltage 

5.  Small  geometry 

3.1.2  Diodcn 


Diodes  of  each  kind  were  selected  for: 

1.  Fast  recovery 

2 . Low  Power 

3.  Small  junction  volume 
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COMPONENT 


Resistors 


Capacitors 

Glass  Dielectric 
Mica  Dielectric 

Ceramic  Dielectric 
Polycarbonic  Dielectric 
Paper  Dielectric 


TAULE  III  EFFECTS  OF  GAMMA  RADIATION  ON 
ELECTRONIC  PARTS 


MAJOR  EFFECTS 


Electolytic 


Diodes 


Transistors 


Insulators 

Vinyl  Plastic 
Polypropylene  & Silicones 
Mica 
Asbestos 


Transfonaers 


Coax  Cables 


Silicon  Control  Rectifiers 


Secondary  Emission,  Resistivity  Changes 
Wire  and  In  General,  Metal  Film  Resistors 
Offer  High  Resistance  To  Radiation 


Very  Little  Effect 
Small  Permanent  Effect  - Transient 
Increase  in  Capacity 
No  Appreciable  Radiation  Effect 
Very  Little  Efiect 

Gas  Evolution  (in  Neutron  Flux),  Decrease 
in  Capacity  and  Severe  Decrease  in 
Insulation  Resistance 
Increase  in  Capacity,  Decrease  in 
Dissipation  Factors 

Increase  in  Reverse  Currents,  Photo currents. 
Change  in  Dynamic  Resistance 

Photocurrents,  Gain  Changes,  Reverse 
Current  Increases  - Transient  & 

Permanent  Damage  Possibilities, 

Changes  in  Carrier  Lifetimes 


Severe  Discoloration 
Lose  Tensile  Strength-Become  Brittle 
Degradation  in  Dielectric  Strength 
Very  Little  Effect  If  Protected  from 
Thenaal  Neutron>-. 

Electrical  Pcrfotrnance  Essentially 
Unaffected,  Rupture  of  Hermetically 
Sealed  Cases  Can  Occur 

Voltage  Drops  Along  Conductor,  Coax 
Shield  Breakdown 

Very  Sensitive  to  All  Radiation 
Enviroments 


I 


TAISL1-:  IV  KADI  AI  ION  rOLERANCl-  LhVKLS 
FOR  0/\MS  ELECIKDNIC  (X)MI>ONKmS 


Neutron  Toler-ince 


(XiMPONENT 

RDL 

Mild 

Sc  ve  re 

Resistors-- fixed  filra--oxide 

10^ 

12 

2 X 10 

2 X 10l& 

carbon 

loj 

1015 

10l7 

met.il 

3 X iCl® 

5 X 10^7 

Analogue  Divider 

10^ 

Diodes,  Si 1 icon- -pouf r 

105 

switching 

10^ 

Transi stors — power 

10^ 

loi'^* 

10^3 

switching 

IC^ 

10^® 

Conparators 

10^ 

10^3 

Precision  Voltage  Reference 

10^ 

10^3 

Power  Supply 

2 >;  10  (10^) 

10^2 

OP-AMPS 

10^ 

10^3 

OscillaLor--Tuning  Fork 

lO^i 

Capacitors--Sclid  Tantalum 

lo] 

Hetalized  Polycarbonate 
Mica 

lo’ 

10^ 

10^^ 

10^3 

Ceramic 

10^0 

10l5 

10l5 

LED— GaAlAs 

10^(107-108) 

10^2 

Si  Photovoltaic  Photodiodes 

10® 

1035 

Electrical  Connectors 

oo 

o 

10l5 

Heat  Sink  Compound 

10^ 

10l5 

Kook  Up  Wire 

109 

,0l8 

Shielded  Cable 

10® 

RX:  Radiation  dose  limits  in  rad8(Si)  before  measurable  change  occurs. 

()  25%  decrease  in  paraawters 

Neutron  Flucnce  is  given  in  n/cm^ 

Sec  Ricketts,  FUllMHEirrALS  OF  NUCLEAR  HARDENING  OF  ELECTRONIC  EQUIFTKENT, 
Table  3.7,  pl30..  Table  3.11,  pl36..  Figure  10.4,  p451.,  Figure  3.12,  pl61., 
Table  3.19,  pl58. 
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3.1.3  Silicon  rectif ters 


Silicon  rectifiers  were  selected  for: 

1.  Fast  switching  tiroes 

2.  Largo  switching  currents 

3.1. A Integrated  Circuits 

Integrated  circuits  were  selected  for: 

1.  Dielectrically  isolated  units  to  eliminate  parasitic 
transistors  and  no  latchup. 

2.  Tliose  minimized  for  space-charged  areas  in  the  transistor 
and  diode  elements. 

3.  Those  operated  at  lowest  possible  voltages  at  reverse- 
biased  junctions. 

4.  Resistors  or  diodes  are  used  between  base  and  emitter 
to  drain  out  photccurrent . 

5.  Thln-film  resistors  are  used. 

3,2  GENERAL  DESIGN  GUIDELINES 

The  following  nuclear-hardening  guidelines  are  used  for  GAMS  circuit 
design: 

1.  Saturated  logic  in  the  oscillator  circuitry  is  used. 

2.  Maximum  base  drive  for  transistors  in  saturation;  and 
minimum  impedance  at  transistor  base  will  be  employed. 

3.  The  circuit  is  designed  with  maximum  gain  and  maximum  noise 
margins.  The  circuit  is  operated  at  high  ambient  tempera- 
ture and  high  injection  levels. 

4.  The  use  of  direct-coupled  stages,  negative  feedback,  and 
current-limited  designs.  Protective  devices  to  prevent 
burnout  will  be  used  wherever  possible.  Operational 
amplifiers  have  protective  devices  in  their  design. 

5.  Conservative  fanout,  maximum  bias  stabilization,  and  mini- 
mum ultrastable  voltage  requirement  will  be  incorporated. 

6.  Cancellation  of  spurious  currents  will  be  insured. 

7.  The  use  of  small  capacitance  values  and  low  impedance  levels. 

8.  Potting  circuits  with  insulating  materials  will  be  considered. 

9.  Circuits  will  be  designed  such  that  electrical  parameters 
sensitive  to  radiation  are  not  extremely  critical  in  a 
functional  operation. 

10.  Adequate  shielding,  decoupling,  bypassing,  filtering,  and 
feedback  to  reduce  or  eliminate  bad  effects  from  gamma  dose 
rate  pulses,  prompt  neutrons,  electromagnetic  pulees,  or 
all  three. 

11.  Impedances  will  be  checked  to  eliminate  possible  trouble  with 
ionization  effects  which  may  cause  trouble  in  circuits  that 
operate  in  the  megohm  range. 
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I?..  Interconnecting  cables,  wire  loops,  and  ground  paths,  will 
be  checked  to  certify  that  they  are  minimized  for  absorption 
of  radiation  energy. 

13.  Temperature  overdesign  techniques  will  be  used  to  compensate 
for  the  additional  heating  effects  due  to  radiation. 

3 . 3 SHIELDING 

In  addition  to  component  selection  and  circuit  design  for  hardening 
of  electronic  systems  to  nuclear  radiation,  attenuation  or  blocking  of  the 
radiation  can  be  effected  by  surrounding  the  electronics  by  solid  matter 
or  repulsive  fields. 

There  are  two  types  of  shielding: 

(a)  Passive:  ihc  use  of  materials  that  will  absorb  part  of  the 
radiation  , I = 1^  exp  (-ux)  for  high  energy  gamma  rays,  dense 
materials  such  as  lead,  steel,  and  depleted  uranium  can  be  used. 
The  choice  of  material  and  thickness  must  be  traded  to  give  the 
desired  amount  of  reduction  in  intensity  with  reasonable  weight 
and  volume  considerations. 

For  neutrons,  low  atomic  number  materials  have  the  highest  nuclear 
absorption  cross-section.  Thus  lightweight  materials  such  as 
beryllium  and  boron  are  potentially  effective. 

Most  electrons  and  protons  (with  the  exception  of  high  energy 
electrons)  can  be  stopped  with  a few  tenths  of  an  inch  of  aluminum. 
The  secondary  radiation  emitted  must  be  considered  in  such  cases, 
however. 

With  the  use  of  micro-electronic  circuits  and  the  resultant  small 
circuit  volume,  passive  shielding  is  feasible  in  many  applications. 

(b)  Active;  the  use  of  electric  and  magnetic  fields  as  a deflector  of 
the  charged  particles  (electrons  and  protons)  has  been  suggested. 
Such  methods  are  not  recommended  due  to  the  added  complexity  and 
power,  weight  and  size  penalties. 

The  active  method  of  shielding  will  not  be  considered  for  the  reasons  given. 
As  for  passive  shielding;  The  six  K A C30852  Silicon  detector/MOS-FET  com- 
binations in  the  receiver  assembly  and  six  Galliuro-Alurainum-Arsenide  liglit 
esdtting  diodes  in  the  transmitter  assembly  are  surrounded  by  one  to  two 
inches  of  solid  smtter,  either  aluminum,  quartz,  calcite  or  steel.  The 
attenuation  provided  by  this  material  cos^red  to  that  of  the  electronics 
box  cover  which  shields  the  rest  of  the  components  can  bring  the  M06-FET's 
curvival  capability  up  to  that  of  the  reaiainder  of  the  semi-conductor  parts, 
dependent  upon  the  energy  and  type  of  radiation  particles  encountered. 
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4 . 0 ELECTRCMAGNETIC  PULSE  DESIGN  GUIDELINES 

Electromagnetic  Pulse  design  hardening  is  achieved  by  shielding, 
which  can  be  prohibitively  heavy  for  spacecraft  applications  or  by  judici- 
I ous  design  techniques  all  of  which  are  found  in  application  in  the  design 

of  CAMS: 

f • 

. 4.1  GENERAL  PREUVUTIONS 

1.  All  cables  are  shielded,  kept  as  short  as  possible,  and  all 
unwanted  noise  is  kept  outside  the  signal  band. 

2.  All  chassis  openings  and  apertures  are  kept  as  small  as  possible, 

j The  same  techniques  as  utilized  in  reducing  rf  interference  are 

employed . 

3.  Filtering  and  decoupling  are  used  whenever  possible,  particularly 
at  Inputs  and  outputs. 

4.  Component  selection  is  used  to  choose  components  having  sufficient- 
ly high  voltage  ratings,  power  ratings,  current  ratings,  ur  all  three. 

4.2  GROUNDING 

1.  Incorporating  where  possible,  a separate  ground  path  for  ac,  dc, 

’ and  signal  currents. 

I 2.  Connecting  a ground  path  to  the  most  direct,  lowest-impedance 

I route  possible. 

3.  Utilizing  several  arterial  ground  paths  to  the  power  supply  common 

’ point,  as  opposed  to  using  one  superground  bus. 

4.  Avoiding  multiended  ground  buses  or  lateral  ground  loops. 

! 5.  Using  as  few  scries  connection  (solder  joints,  connectors)  as 

i possible  in  a ground  return,  and  making  sure  that  they  are  good 

^ electrical  connections. 

6.  Choosing  grounding  points  for  bypass  capacitors  with  extreme  care. 

[ Never  grounding  a bypass  capacitor  near  a hlgh-flux-denslty  chassis 

K current . 

^ 7.  A power  ground  should  be  routed  with  its  corresponding  hot  wire 

f in  a twisted  pair  if  large  currents  are  carried. 

8.  Power  grounds  and  their  hoc -wire  complements  should  pass  through 
adjacent  connector  pins  in  m>jiltiple-pin  connectors. 


4.3  SHIELDING 

1.  Use  of  shielded  wire  for  external  power  circuits. 

2.  Use  of  twisted  pair  for  af  circuits  that  are  grounded  at  a single 
point  and  for  internal  power  circuits. 

3.  Use  of  shielded  wire  for  multiple-ground  audio  circuits. 

4.4  WIRING  LAYOUT 

1.  Reference  and  susceptible  circuits  are  not  routed  with  power 
and  interference  circuits. 

2.  Rf-susceptlble  circuits  nay  be  routed  with  dc  reference  circuits, 
provided  the  rf -susceptible  circuits  ere  not  a source  of  interference. 
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4 . 5 BONDING 


1.  Tlie  bond  must  in  no  way  dej^rade  the  quality  oil  the  bonded 
structuio  or  joint. 

2.  Insofar  as  possible,  bonds  siiould  be  made  between  the  same  type 
of  metal.  Wlien  different  types  of  metal  are  bonded,  they  should 
be  as  close  together  in  the  electrochemical  series  as  possible 
to  prevent  corrosion. 

3.  Bonding  by  means  of  jumpers  should  not  be  considered  satisfactory 
unless  no  other  practical  method  can  be  utilized. 

4.  Bonds  should  be  Installed  in  locations  that  are  accessible  for 
maintenance. 

5.  Bonds  should  be  of  sufficient  cross -sectional  area  to  carry  any 
potential  currents  that  may  develop. 

6.  Bonds  should  not  be  held  in  place  by  self-tapping  screws,  because 
such  connections  generally  produce  high-resistance  contacts. 

7.  The  threads  of  screws  or  bolts  should  not  be  used  to  establish 
rf  bonds. 

4.6  OTHER  GUIDELINES 

1.  CAMS  has  a narrow  bandwidth  so  that  interference  susceptibility 
Is  reduced . 

2.  Impedances  that  vary  In  time  cause  varying  currents,  whereas 
impedances  that  vary  with  the  current  through  them  or  with  the 
voltage  across  them  (nonlinear  impedance)  act  as  equivalent  genera- 
tors of  varying  electromotive  force.  Therefore,  the  current  flowing 
within  such  circuits  will  contain  a second  and  third  harmonic  that 
were  not  present  in  the  original  source.  Any  nonlinear  impedance 

is  thus  a possible  source  of  interference.  All  possible  such  sources 
will  be  reduced  or  vilitc^aated  in  the  flight  model  design. 

3.  The  0A)6  power  supply  is  rfi  and  eml  shielded. 

4.  Diodes  are  selected  that  will  operate  at  the  lowest  current  density 
in  proportion  to  maximum  rated  current,  and  with  the  hipest  rated 
working  and  peak  inveree  voltage  consistent  with  other  design 
rcKjuirements . 

5.  The  lowest  possible  switching  rate  has  not  been  selected.  Shielding 
will  be  used  to  compensate  for  radiation  vulnerability.  Ripple  re- 
duction and  filtering  requirements  are  foremost  here. 

6.  Filtering  o.C  the  interference  signals  will  be  made  at  the  diodes. 
Actual  harmonic  filtering  or  transient  current  reduction  is  effective. 
Series  inductors  or  shunt  capacitors  to  the  load  may  also  be  used. 

7.  Loads  that  are  to  be  switched  are  to  be  kept  as  resistive  as 
possible. 


